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RESUME
Au cours des demieres decennies, un nombre croissant de micropolluants organiques a ete 
detecte et quantifie dans l’environnement a de faibles concentrations echappant aux precedes 
conventionnels de traitement des stations d’epuration dont les effluents constituent des sources 
majeures de deversement. Parmi ces micropolluants bons nombres sont des molecules 
pharmaceutiques a structure aromatique ou phenolique. Ces molecules pharmaceutiques restent 
generalement biologiquement actives meme dans les matrices environnementales d’ou les 
nombreuses preoccupations au sujet de leurs risques et impacts averes ou inconnus sur les 
ecosystemes et la sante. Plusieurs methodes de traitement incluant des methodes biologiques, 
adsorption, filtrations membranaires et oxydations avancees ont ete experimentees pour 
l’elimination de ces contaminants pharmaceutiques dans les eaux usees. Bien que dans de 
nombreux cas ces methodes foumissent une efficacite elevee d'elimination des composes 
recalcitrants cibles, elles generent souvent des sous-produits de toxicite plus elevee que le 
compose parent ou sont associees a des couts eleves d’investissement ou d'exploitation. En outre, 
plusieurs enzymes oxydatives dont la laccase et la tyrosinase ont demontre leurs capacites a 
transformer des micropolluants aromatiques et phenoliques en solution en des macromolecules 
qui precipitent et qui peuvent etre ensuite separees de la solution. Ces deux phenoloxidases 
catalysent la transformation des composes phenoliques en n’utilisant que l’oxygene moleculaire 
comme unique cofacteur avec production d’eau.
Une revue litteraire approfondie a ete faite sur les caracteristiques des laccases en relation avec 
l’elimination des composes phenoliques en solution. Ce qui a permis de faire ressortir un 
consensus general exprime chez differents auteurs sur la necessite d’immobiliser la laccase sur 
des supports, de la claustrer dans des capsules ou de 1’insolubiliser sous forme d’agregats 
d’enzymes reticulees (cross-linked enzymes aggreagtes ou CLEAs). Cette demtere technique 
offre avantageusement un meilleur ratio de masse par volume de biocatalyseur tout en am&iorant 
ses caracteristiques catalytiques. Elle permet aussi de remedier a la dilution de l’activite de 
1’enzyme sur le support ou dans la capsule observee avec les deux premieres techniques. 
Finalement, une nouvelle technique d’insolubilisation en combinant deux ou plusieurs enzymes 
de caracteristiques differentes (combination of cross-linked enzymes aggreagtes ou combi-
CLEAs) est proposee comme nouvelle approche permettant 1’elimination d’une gamme de 
substrats plus elargie.
Ainsi, la laccase fongique de la souche de Trametes versicolor (TvL) et une laccase bacterienne 
metzyme (MZL) ayant leur pHs optima a 4 et 8 , respectivement, ont ete insolubilisees sous 
forme de combi-CLEA. Le combi-CLEA demeure actif aussi bien en pH acide qu’alcalin. Les 
etudes de temperatures ont permis de determiner que la temperature optimale du combi-CLEA 
est a 50 °C et que sa stabilite thermique est superieure a chacune des deux laccases libres. 
L’application du combi-CLEA a des echantillons d’eau usee d’usine de pate et papier a permis 
de reduite de 70% sa DCO totale. Finalement, le recyclage du combi-CLEA a aussi ete mis en 
evidence par son activite residuelle apres deux cycles d’utilisation dans le traitement des 
echantillons de l’eau usee.
Subsequemment, les caracteristiques catalytiques de la tyrosinase sont examinees et des 
exemples de son insolubilisation en CLEA trouves dans la litterature sont foumis. II apparait 
aussi que plusieurs composes phenoliques et aromatiques y compris les chlorophenols, 
fluorophenols, les alkylphenols, les colorants azoiques ont fait l’objet d’elimination dans les eaux 
usees par la tyrosinase. Ceci demontre done le fort potentiel qu’a cette enzyme aussi a eliminer 
les micropolluants pharmaceutiques phenoliques.
Ensuite, la tyrosinase de champignon avec un pH optimum a 7 a ete substitute a la MZL pour 
former un combi-CLEA avec la TvL. Le combi-CLEA a exhibe une grande activite enzymatique 
aux pH 5-8 et temperatures 5-30 °C, une resistance significative a la denaturation. Aucune 
alteration des performances catalytiques du combi-CLEA comparees a celles des enzymes libres 
qui la constituent n’a en outre ete observee en se basant sur l’etude des parametres cinetiques de 
Michaelis-Menten. L’application en mode cuvee du combi-CLEA a permis de transformer plus 
de 80% a pres de 100% l’acetaminophene dans l’eau usee municipale et a plus de 90 % dans 
l’eau usee hospitaliere. Une etude d’identification des produits de transformation de 
l’acetaminophene a montre la formation de ses oligomeres sous formes de dimeres, trimeres et 
tetrameres due a la laccase et de 3-hydroxyacetaminophen due a la tyrosinase.
Finalement, les travaux de cette these suggerent un reel potentiel d’application de la laccase et de 
la tyrosinase insolubilisees pour l’elimination de micropolluants phenoliques dans les eaux us^es.
REMERCIEMENTS
Au terme de trois annees de travail achame pleines demotions et d’experiences enrichissantes, il 
me plait de remercier tres sincerement les deux personnes sans lesquelles cette these n’aurait pas 
ete possible. Profs Hubert Cabana et J. Peter Jones, trouvez ici l’expression de ma profonde 
gratitude. Votre disponibilite constante et votre mise a ma disposition toujours facile et rapide 
des ressources demandees pour la realisation de mes travaux sont bien appreciees. J ’espere avoir 
satisfait a vos attentes tellement je m’etais toujours investi avec sincerite et devouement pendant 
tout mon sejour a l’Universite de Sherbrooke.
Je remercie egalement toutes les autres personnes dont les apports et soutiens divers ont ete 
importants. II s’agit de Serge Berube, Olivier Savary, Emily St-Jean, Alexandre Arsenault, 
Lounes Haroune, Carles Cruz-Morato, Chloe Jacquet, Antoine Mialon, Serge Gagnon, Isabelle 
Arsenault, Valerie Houde, Abderrahim Lakhouit, Thanina Hassani, Imad E. Touahar, Jean- 
Phillipe Bellenger, Claude Y. Legault, Ali Amari, Abdessamad El Hassni, Djazia Liamini, 
Sandrine Twagirimana, Jean-Fran?ois Leduc, le Prof. Roland Leduc et bien d’autres dont les 
noms auraient echappe a ma memoire.
J ’ai aussi grandement beneficie des conseils avises et encouragements utiles d’ami-es que sont 
feu-es Nancy Beckage et Warren Jones, Anne Camper, Sharon Walker, Olgun Zorlu, Shailendra 
Singh, Florence Dunkel & Bob Diggs, Camille George, Mark Burr et mon grand ami et complice 
de toujours Dean Drenk.
Enfin, le temps consacre aux travaux de ma these loin de mes adorables filles Ada et Hawwa 
n’aurait jamais ete possible sans le support et l’assistance incommensurables de ma famille. La 
patience de mon epouse Zeinaba Gatta et sa garde de nos anges jumelles ont fini d’ancrer sa 
place bien meritee dans les trefonds de mon coeur et de mon ame et tout ceci sous la supervision 
sage et avisee de la meilleure des mamans, Fatoumata Sail. Que mes oncles Prof. Bocar Sail, 
Ibrahima Sail, mon frere Bocar Bah, mes cousins Mamadou Sow, Sidi Ousmane Sail, Oumar 
Tall et sa famille et toute ma famille elargie et mes amis eparpilles a travers le monde trouvent 
tous ici mes sinceres remerciements pour leurs contributions diverses qui m’ont permis de vivre 
agreablement cette aventure Educative. Enfin, grace a l’inspiration de bravoure et perseverance 
de mon pere feu Hassane Ba, les ressources morales ont toujours ete presentes en moi.
TABLE DES MATIERES
CHAPITRE 1 : INTRODUCTION GENERALE.......................................................................... 1
1.1 Mise en contexte et problematique............................................................................................ 1
1.2 But et objectifs du projet de recherche......................................................................................3
1.2.1 But du projet........................................................................................................................ 3
1.2.2 Objectifs du projet................................................................................................................3
1.3 Structure de la these....................................................................................................................4
CHAPITRE 2 : IMMOBILISATION ET INSOLUBILISATION DE LACCASE : DES 
ASPECTS FONDAMENTAUX AUX APPLICATIONS POUR L’ELIMINATION DES 
CONTAMINANTS EMERGENTS DANS LE TRAITEMENT DES EAUX USEES............6
2.1 Avant-propos............................................................................................................................6
2.2 Resume/Abstract..........................................................................................................................6
2.2.1 Resume..................................................................................................................................6
2.2.2 Abstract.................................................................................................................................7
2.3 Introduction..............................................................................................................................8
2.4 Laccases................................................................................................................................11
2.4.1 Composition....................................................................................................................... 11
2.4.2 Non-specificity................................................................................................................... 13
2.5 Applications of free laccases in wastewater treatment........................................................14
2.6 Immobilization and insolubilization methods of enzymes..................................................16
2.6.1 Enzymes and amino acid residues surface properties..................................................... 16
2.6.2 Chemistry of cross-linkers................................................................................................ 18
2.7 Potential application of novel biocatalysts (CLEAs/combi-CLEAs and EPESs) in
wastewater treatment......................................................................................................................23
2.7.1 Use of CLEAs/combi-CLEAs for the elimination of EC in aqueous solution...........23
2.7.2 Kinetics for applied CLEAs/combi-CLEAs in micropollutants elimination .... 25
2.8 Potential for membrane bioreactors to effectively eliminate micropollutants in
wastewater........................................................................................................................................26
2.9 Enzyme Polymer Engineered Structures (EPES)...............................................................27
2.10 Conclusion......................................................................................................................... 29
2.11 Acknowledgements...........................................................................................................30
2.12 Declaration of interest...................................................................................................... 30
CHAPITRE 3 : LACCASES INSOLUBILISEES SOUS FORME DE COMBINAISON 
D’AGREGATS D’ENZYMES RETICULES : CARACTERISATION ET APPLICATION 
POTENTIELLE DANS LE TRAITEMENT DES EAUX USEES.......................................... 31
3.1 Avant-propos..........................................................................................................................31
3.2 Resume/Abstract......................................................................................................   32
3.2.1 Resume................................................................................................................................32
3.2.2 Abstract...............................................................................................................................32
3.3 Introduction................................................................................................................................33
3.4 Experimental............................................................................................................................. 34
3.4.1 Enzymes and reagents....................................................................................................... 34
3.4.2 Enzyme Assay...................................................................   34
3.4.3 Preparation of Combi-CLEA and its Yield Estimation..................................................35
3.4.4 Effect of pH and Temperature on Enzyme Activity.......................................................36
3.4.5 Long-Term Storage and Drying Effects on the CLEAs and combi-CLEA Activity... 36
3.4.6 Application of the Biocatalyst to Wastewater Treatment...............................................36
3.5 Results and Discussion.............................................................................................................37
3.5.1 Production of combi-CLEA and Yield............................................................................37
3.5.2 Effect of pH on Activity of the Biocatalysts....................................................................38
3.5.3 Effect of Temperature on Enzyme Activity.....................................................................39
3.5.4 Long-Term Storage and Drying Effects on the Combi-CLEA Activity..................... 42
3.5.6 Treatment of P&P Mill Effluent Using Insolubilized Laccase....................................44
3.6 Conclusions.........................................  45
3.7 Acknowledgements...................................................................................................................46
CHAPITRE 4 : PROPRIETES ET POTENTIELLE D’INSOLUBILISATION DE LA 
TYROSINASE POUR LA TRANSFORMATION DE COMPOSES PHENOLIQUES 
DANS LE TRAITEMENT DES EAUX USEES..........................................................................47
4.1 Avant-propos............................................................................................................................. 47
4.2 Resume/Abstract.......................................................................................................................47
4.2.1 Resume............................................................................................................................... 47
4.2.2 Abstract.............................................................................................................................. 48
4.3 Introduction............................................................................................................................... 48
4.4 Molecular and catalytic properties relevant to insolubilization of the enzyme................... 50
4.4.1 Molecular properties....................................................................................... 50
4.4.2 Catalytic properties and reaction mechanism................................................................. 51
4.5 Potential for phenolic compounds transformation in wastewaters....................................... 53
4.6 Conclusions............................................................................................................................... 53
CHAPITRE 5 : SYNTHESE ET CARACTERISATION DE COMBINES D’AGREGATS 
RETICULES DE LACCASE ET TYROSINASE ELIMINANT L’ACETAMINOPHENE 
COMME MODELE DE COMPOSE PHENOLIQUE DANS DES EAUX USEES.............. 55
5.1 Avant-propos............................................................................................................................. 55
5.2 Resume/Abstract....................................................................................................................... 56
5.2.1 Rdsume............................................................................................................................... 56
5.2.2 Abstract.............................................................................................................................. 56
5.3 Introduction............................................................................................................................... 57
5.4 Materials and Methods..............................................................................................................59
5.4.1 Materials............................................................................................................................ 59
5.4.2 Preparation of Combi-CLEA and its Yield Estimation..................................................59
5.4.3 Enzyme activity assays..................................................................................................... 59
5.4.4 Determination of pH and temperature optima................................................................ 60
5.4.5 Determination of kinetic parameters................................................................................ 60
5.4.6 Stability of combi-CLEA against denaturation............................................................... 60
5.4.7 Transformation of acetaminophen in wastewaters......................................................... 61
5.5 Results and Discussions........................................................................................................... 61
5.5.1 Insolubilization of Tyr and TvL and yield of combi-CLEA.......................................... 61
5.5.2 Effect of pH on activities of biocatalysts.........................................................................62
5.5.3 Effect of temperature on activities of biocatalysts.......................................................... 63
5.5.4 Michaelis-Menten kinetic parameters of biocatalysts.....................................................65
5.5.5 Thermal and chemical stabilities of biocatalysts............................................................ 6 6
5.5.6 Acetaminophen transformation with biocatalysts........................................................... 71
5.5.7 Transformation products of acetaminophen by laccase and tryosinase.........................75
5.6 Conclusions............................................................................................................................... 76
5.7 Acknowledgements...................................................................................................................77
CHAPITRE 6 : CONCLUSION GENERALE ET PERSPECTIVES..................................... 78
ANNEXE 1: SUPPLEMENTARY DATA INFORMATION....................................................80
A. 1 Analytical methodology (UPLC)............................................................................................80
A.2 Elimination of acetaminophen in wastewaters.......................................................................85
LISTE DES REFERENCES............................................................................................................91
vii
LISTE DES FIGURES
Figure 2.1 Reaction of formaldehyde with amine group...................................................................18
Figure 2.2 Synthesis of dextran to dextran aldehyde by oxidation with sodium periodate (adapted 
from [131]).............................................................................................................................. 2 0
Figure 2.3 Structure of chitin (for m/y greater than 50%). Chitin can be deacetylated to form
chitosan (for n/y greater than 50%)....................................................................................... 21
Figure 2.4 Crosslinking mechanism of enzyme with chitosan in presence of EDC.......................22
Figure 2.5 Two-step mechanism of carboxylate activation with EDC to form reactive
intermediate (step 1) with subsequent reaction with amine group to form amide bond with 
release of isourea by-product (step 2) (adapted from [145])................................................23
Figure 2.6 Schematic representation of the formation of a stabilizing network surrounding free
enzymes (adapted from [6 8 ])................................................................................................. 28
Figure 3.1 Preparation of insoluble combi-CLEAs...........................................................................35
Figure 3.2 Effect of the pH on the activity of the biocatalysts at 20 °C. The results are means of 
triplicates ± standard deviation.............................................................................................. 39
Figure 3.3 Temperature optima for biocatalysts at pH 4 (free TvL and combi-CLEAs ABTS) and 
pH 8 (free MZL and combi-CLEAs DMP). The results are means of triplicates ± standard 
deviation...................................................................................................................................40
Figure 3.4 Thermal stability for the biocatalysts at pH 4 (free TvL and combi-CLEAs ABTS), 
pH 8 (free MZL and combi-CLEAs DMP), 40 °C (free TvL) and 50 °C (free MZL, 
combi-CLEAs ABTS and combi-CLEAs DMP). The results are means of triplicates ± 
standard deviation................................................................................................................... 42
Figure 3.5 Effect of drying on activities of insoluble laccases using ABTS (a) and DMP (b) as
substrates. The results are means of triplicates ± standard deviation..................................43
Figure 3.6 Percentage of total COD content observed at two time points of application of
biocatalysts in P&P wastewater at 20 °C and pH 7..............................................................44
Figure 3.7 Evidence of remaining enzymatic activity in biocatalysts after 2 rounds of waste water 
treatment using ABTS as substrate........................................................................................45
Figure 5.1 Activity profile as function of pH for free and insoluble TvL, and free and insoluble 
Tyr at 20 °C. Each datum point represents the mean of triplicate values ± std dev 63
Figure 5.2 Activity profile as function of temperature for free and insoluble TvL in 0.1 citrate- 
phosphate buffer pH 4. Each datum point represents the mean of triplicate values ± std 
dev...................  64
viii
Figure 5.3 Activity profile as function of temperature for free and insoluble Tyr in sodium-
phosphate buffer pH 7 (b). Each datum point represents the mean of triplicate values ± 
std dev...................................................................................................................................... 65
Figure 5.4 Effect of temperature on free and insoluble TvL and Tyr at their optimum pHs and 20 
°C. Each datum bar represents the mean of triplicate values ± std dev.............................. 67
Figure 5.5 Effect of denaturing ionic compounds on free and insoluble TvL and Tyr at their
optimum pHs and 20 °C. Each datum bar represents the mean of triplicate values ± std 
dev............................................................................................................................................ 69
Figure 5.6 Effect of solvents on free and insoluble TvL and Tyr at their optimum pHs and 20 °C. 
Each datum bar represents the mean of triplicate values ± std dev..................................... 70
Figure 5.7 Removals of acetaminophen from mLQW and MWW1 combi-CLEA of TvL and Tyr 
in batch mode and agitation at 20 °C. Each datum point represents the mean of duplicate 
values ± std dev. Control designates experiment without biocatalyst.................................71
Figure 5.8 Removals of acetaminophen from MWW2 with free and insoluble TvL and free arid 
insoluble Tyr in batch mode and agitation at 20 °C. Each datum point represents the 
mean of duplicate values ± std dev. Control designates experiment without biocatalyst. 72
Figure 5.9 Removals of acetaminophen from HWW with free and insoluble TvL and free and 
insoluble Tyr in batch mode and agitation at 20 °C. Each datum point represents the 
mean of duplicate values ± std dev. Control designates experiment without biocatalyst. 74
Figure A.l Results validating the analytical method. Each datum bar represents the mean of
triplicate values ± std dev....................................................................................................... 83
Figure A.2 Chromatograms of laccase-catalyzed transformation of acetaminophen, m/z 152 (a) 
to its dimers, m/z: 301 (b); trimers, m/z: 450 and tetramers, m/z: 599 (d). Reaction 
mixture consisted of 5 mg/L acetaminophen, 1000 U/L laccase and was operated at room 
temperature (20 °C) and pH 7................................................................................................ 87
Figure A.3 Laccase-catalyzed oxidation of acetaminophen to its phenoxy radical (a) followed by 
their coupling reactions to acetaminophen oligomers (b).................................................... 88
Figure A.4 Chromatograms of tyrosinase-catalyzed transformation to 3-hydroxyacetaminophen, 
m/z: 168 (a) from acetaminophen, m/z: 152 (b). Reaction mixture consisted of 5 mg/L 
acetaminophen, 1000 U/L tyrosinase and was operated at room temperature (20 °C) and 
pH 7.......................................................................................................................................... 89
Figure A.5 Tyrosinase-catalyzed oxidation of acetaminophen to its 3-hydroxyacetaminophen
metabolite.................................................................................................................................90
ix
LISTE DES TABLEAUX
Table 3.1 Apparent activity of laccase and yield of combi-CLEA produced in function of ABTS
and DMP.................................................................................................................................. 37
Table 5.1 Specific activity and activity yield of combi-CLEA....................................................... 62
Table 5.2 Michaelis-Menten kinetic parameters of biocatalyst for the oxidation of L-DOPA (free 
Tyr and combi-CLEA) at pH 7,20 °C and ABTS (free TvL and combi-CLEA) at pH 4,
20 °Ca.......................................................................................................................................6 6
Table A.l List of pharmaceutical compounds used to develop the analytical method.................. 80
Table A.2 Results of characterization of the wastewater with respect to pharmaceuticals...........84
Table A.3 Standard characteristics of the wastewaters.....................................................................84
x
CHAPITRE 1 : INTRODUCTION GENERALE
1.1 Mise en contexte et problematique
La publication de l’etude par Stan et coll. (1994) sur la presence de l’acide clofibrique, un 
produit hypocholesterolemiant, dans l’eau potable de la ville de Berlin [1], a conduit a de 
nombreuses investigations qui ont permis de detecter plusieurs produits pharmaceutiques et de 
soins personnels (PPSPs), hormones et autres composes organiques dans les eaux a travers le 
monde [2-5]. Au Quebec par exemple, une etude menee aupres de 23 municipalites a permis de 
mettre a jour la presence de plus de 20 PPSPs et hormones dans les echantillons d’eaux de 
surface servant de sources d’approvisionnement en eau potable et dans des effluents des stations 
d’eaux usees [6 ]. Parmi ces composes bon nombres sont phenoliques ou aromatiques et 
proviennent des produits pharmaceutiques. L’introduction de ces contaminants dits polluants 
emergents (PEs) dans les milieux aquatiques recepteurs induisent des effets negatifs ou posent 
des risques sur la sante et les ecosystemes [7]. Plusieurs PEs sont reconnus ou suspectes etre des 
substances perturbatrices du systeme endocrinien (SPSEs) [8 ]. Certaines SPSEs, a cause de leur 
activite oestrogenique, ont cause la feminisation d’especes aquatiques comme les poissons, les 
tortues et les grenouilles [9], ce qui suscite de nombreuses inquietudes quant a leurs effets a 
long-terme, encore meconnus [4] et surtout en tenant compte de leur deversement continu et 
done de la possibilite de leur bioaccumulation. Bien que les sources de contamination de ces PEs 
soient nombreuses et variees, les effluents d’eaux usees provenant des stations de traitement 
municipales sont connus comme etant leur principale voie d’entree dans les milieux aquatiques 
naturels [4, 10]. Ce qui laisse entrevoir les limites des systemes de traitement conventionnels a 
efficacement eliminer ces PEs qui se retrouvent a des concentrations assez faibles de l’ordre du 
ng/L au (ig/L. II y a done necessite de trouver des procedes novateurs d’elimination de ces 
micropolluants a satisfaction.
Plusieurs procedes de traitement biologiques, physiques et chimiques ont ete utilises pour 
Eliminer les micropolluants organiques dont des pharmaceutiques phenoliques provenant des 
stations depuration sans satisfaction totale [11]. Ces procedes incluent la phytoremediation et 
l’eiimination microbienne comme approches de degradation biologique, l’adsorption sur charbon
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actif et des techniques d'oxydation avancee telles que la photocatalyse, UV/ Fenton, UV/O3, 
UV/H2O2, O3/H2O2, 0 3 /UV/Ti0 2 , etc. [11 , 12, 13]. Bien que, dans de nombreux cas, ces 
m&hodes foumissent une efficacite elevee d'elimination des composes recalcitrants cibles, elles 
impliquent aussi generalement des couts d'investissement et d’exploitation eleves (adsorption), 
des cinetiques de degradation lentes (procedes biologiques) ou generent, dans certains cas, des 
sous-produits pour lesquels leurs toxicites peuvent s’averer plus elevees que celle des composes 
parents (oxydation avancee) [14]. D'autres methodes sont basees sur les traitements 
membranaires comme l’ultra- et la nanofiltration (UF et NF). Avec la petite taille de leurs pores, 
UF et NF sont efficaces pour eliminer les micropolluants dont les produits pharmaceutiques, 
mais les membranes s’encrassent rapidement sous la teneur en matiere organique elevee 
caracterisant les eaux usees et elles necessitent une consommation importante d'energie [15]. 
Compte tenu des inconvenients associes aux procedes biologiques et physico-chimiques 
evoques, des methodes enzymatiques font de plus en plus objet d’essais pour l’elimination de 
micropolluants organiques dans les usees [16].
Plusieurs enzymes oxydatives s’averent capables d’eliminer efficacement bon nombres de ces 
micropolluants. Parmi elles, deux enzymes, la laccase (E.C. 1.10.3.2) et la tyrosinase (E.C. 
1.14.18.1), sont des metalloenzymes a cuivre qui se distinguent par leur capacite a catalyser 
l’oxydation de substrats phenoliques et non-phenoliques. La laccase et la tyrosinase transforment 
les phenols en presence de l’oxygene moleculaire comme unique co-substrat [17] d’ou l’intfret 
accorde a ces enzymes dans cette these. La capacite des laccases et des tyrosinases a eliminer 
des composes phenoliques a ete etablie depuis plusieurs annees [11]. Malgre ces r^sultats 
probants, il s’avere que l’utilisation de laccases et tyrosinases libres pour des applications a 
grande echelle soit problematique. Une telle approche necessite une quantite importante de ces 
enzymes dont la production est onereuse a cause du cout eleve du milieu de culture [18]. Aussi, a 
l’&at libre les enzymes sont solubles et se denaturent rapidement dans les effluents reels limitant 
ainsi leur utilisation de maniere continue [19].
Afin de remedier aux differentes limitations d’utilisation de laccases et tyrosinases libres, ces 
enzymes peuvent etre immobilisees sur support solide ou sans support, c’est-a-dire insolubilis6es 
[20]. Une variante de cette demiere technique qui consiste a precipiter les enzymes libres en 
agregats qui sont ensuite reticulees (CLEAs) est simple et ne requiert pas d’enzymes
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particulierement pures. L’utilisation de CLEAs apparait beaucoup plus avantageuse pour des 
applications en bioremediation a cause de l’absence de la masse non catalytique. Les CLEAs ont 
deja ete experiments avec succes. Par exemple, des CLEAs de laccases de Coriolopsis polyzona 
ont permis d’eliminer trois PE phenoliques (bisphenol A, triclosan et nonylphenol) en solution 
aqueuse [19]. En plus des differents avantages sus-evoques, les CLEAs exhibent des capacites 
catalytiques equivalentes ou superieures a celles des enzymes libres [21, 22, 181]. Les CLEAs 
etant constitues d’une population homogene d’enzymes, il est aussi possible de former des 
CLEAs avec des enzymes de souches ou d’especes differentes et done de proprietes differentes 
telles que le pH optimum ou le spectre de substrats pouvant etre oxydes. Une telle approche de 
formation d’une combinaison d’agregats d’enzymes reticules, connue sous l’acronyme de combi- 
CLEAs, a fait l’objet de plusieurs experimentations [23-25].
Dans la presente these, le choix d’enzymes a porte sur des phenoloxidases actifs a des pH optima 
acides et alcalins. II a ainsi ete choisi la laccase fongique de Trametes versicolor et la laccase 
bacterienne metzyme (MetGen oy, Turku, Finlande). Ensuite, la laccase metzyme a 6te 
substitute par la tyrosinase de champignon. Les enzymes ont ainsi ete insolubilisees en combi- 
CLEAs eu egard aux avantages qu’offre la technique tels qu’evoques plus haut. Une application 
des combi-CLEAs a ete menee sur des eaux usees d’une papetiere pour la richesse de ses 
effluents en composes phenoliques. Ensuite, des eaux usees municipales et hospitalieres ont ete 
choisies en ciblant Tacetaminophene comme modele de compose pharmaceutique phenolique 
frequemment present dans les eaux usees.
1.2 But et objectifs du projet de recherche
1.2.1 But du projet
De fafon generale, les travaux de cette these visaient a former des biocatalyseurs insolubles sous 
forme de combi-CLEAs pour eliminer les composes pharmaceutiques phenoliques presents dans 
des eaux usees.
1.2.2 Objectifs du projet
Plus specifiquement, les essais ont permis de :
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• former des combi-CLEAs avec des plages de pH plus larges que chacune des enzymes 
individuellement;
• caracteriser les combi-CLEAs formes en determinant leur pH optimum, stability 
thermique, proprietes cinetiques, e tc .;
• eliminer Tacetaminophene comme compose pharmaceutique phenolique modele dans des 
eaux usees reelles;
• identifier les sous-produits de la transformation de Tacetaminophene dus aux activites 
enzymatiques de la laccase et de la tyrosinase composant les combi-CLEAs et proposer 
un mecanisme reactionnel.
1.3 Structure de la these
Les travaux de cette these ont ete structures comme decrit ci-dessous.
Le chapitre 2 foumit une revue litteraire detaillee portant sur les caracteristiques moleculaire et 
catalytique de la laccase pertinentes a son utilisation comme biocatalyseur. Ceci a ainsi permis 
de souligner la presence importante de residus d’acides amines sur la surface de Tenzyme 
pouvant servira sa reticulation, sa plage de pH optimum ainsi que son potentiel a eliminer des 
contaminants phenoliques. Des exemples d’immobilisation/insolubilisation realisees avec 
Tenzyme, ses proprietes cinetiques et son potentiel d’utilisation dans de bioreacteurs 
membranaires completent la revue.
Le chapitre 3 porte sur Tinsolubilisation et la caracterisation de la laccase de T. versicolor active 
aux pHs acides et de la laccase bacterienne Metzyme active aux pHs alcalins sous forme de 
combi-CLEAs. Ainsi, T etude a permis de determiner la gamme de pH d’activite, la stabilite vis- 
a-vis de la denaturation, les parametres cinetiques et une application sur des eaux usees d’une 
usine de pate & papier.
Le chapitre 4 decrit les caracteristiques moleculaires et catalytiques de la tyrosinase (choisie en 
remplacement de la laccase Metzyme a cause de la faible activite de cette enzyme pom- les 
besoins de cette etude) essentielles a son insolubilisation avec la laccase de T. versisolor.
Le chapitre 5 foumit, similairement au chapitre 3, une etude detaillee de la synthese et 
caracterisation de la laccase de T. versicolor et de la tyrosinase active aux pH neutre et alcalin
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sous forme de combi-CLEA. Une etude de transformation par le combi-CLEA de 
Tacetaminophene choisi comme modele de pharmaceutique phenolique ainsi qu’une 
identification des sous-produits de transformation complete le chapitre.
Le chapitre 6  conclut les principaux resultats de cette these et donne quelques perspectives 
d’avenir.
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CHAPITRE 2 : IMMOBILISATION ET INSOLUBILISATION DE LACCASE : DES 
ASPECTS FONDAMENTAUX AUX APPLICATIONS POUR L’ELIMINATION DES 
CONTAMINANTS EMERGENTS DANS LE TRAITEMENT DES EAUX USEES
LACCASE IMMOBILIZATION AND INSOLUBILIZATION: FROM FUNDAMENTALS TO 
APPLICATIONS FOR THE ELIMINATION OF EMERGING CONTAMINANTS IN 
WASTEWATER TREATMENT
2.1 Avant-propos
Ce chapitre a ete publie dans la revue Critical Reviews in Biotechnology sous la reference :
Sidy Ba1, Alexandre Arsenault2, Thanina Hassani2, J. Peter Jones1, Hubert Cabana2’3
1Department o f Chemical Engineering, Universite de Sherbrooke, Cl-Pavilion J.Armand 
Bombardier, 2500 boul. Universite, Sherbrooke, Quebec, J1K 2R1, Canada.
2Department o f Civil Engineering, Universite de Sherbrooke, C2-Pavillon J.Armand 
Bombardier, 2500 boul. Universite, Sherbrooke, Quebec, J1K 2R1, Canada.
3Centre de Recherche Clinique Etienne-Lebel, Centre Hospitalier Universitaire de Sherbrooke, 
3001 12e avenue Nord, Sherbrooke, Quebec, J1H 5N4, Canada.
Etat de l’acceptation : publie en ligne le 11 Oct 2012. (doi:10.3109/07388551.2012.725390). 
Contribution au document
Cet article foumit une revue litteraire des aspects fondamentaux des laccases pertinents a leur 
insolubilisation et application pour le traitement de micropolluants phenoliques dans les eaux 
us6es.
2.2 Resume/Abstract
2.2.1 Resume
Au cours des demieres decennies, de nombreuses etudes ont porte sur l’utilisation de 
biocatalyseurs pour la biotransformation des contaminants emergents dans les matrices 
environnementales. La laccase, une enzyme oxydoreductase multi-cuivre, a montrd un grand
potentiel dans l'oxydation d'un grand nombre de contaminants emergents phenoliques et non 
phenoliques. Toutefois, les laccases et plus largement les enzymes dans leur forme libre sont des 
biocatalyseurs dont les applications en solution presentent de nombreux inconvenients qui 
limitent leur utilisation a grande echelle. Pour contoumer ces limitations, Tenzyme peut etre 
immobilisee sur des supports ou claustree dans des capsules; ces deux techniques
d'immobilisation ont Tinconvenient de generer une grande masse de produit non catalytique. 
L’insolubilisation d’enzymes sous forme d’agregats reticulees (CLEA) s’est averee comme une 
alternative pour donner un meilleur ratio de masse par volume de biocatalyseur tout en
ameliorant les caracteristiques du biocatalyseur. Aussi, de nouvelles techniques
d’insolubilisation et de stabilisation d'enzymes sont apparues avec la combinaison d'agregats 
d'enzymes reticules (combi-CLEA) et de structures d’enzymes polymerisees (EPES) pour 
Telimination des micropolluants emergents dans les eaux usees. Dans cette revue, les
caracteristiques fondamentales de laccases sont foumies afin d'elucider leur mecanisme 
catalytique, suivies par les differents aspects chimiques de l'immobilisation et des techniques 
d'insolubilisation applicables a laccases. Enfin, les aspects cinetiques de CLEA/combi-CLEA et 
EPESs de laccases et ceux lies aux reacteurs enzymatiques en rapport avec les applications 
potentielles pour la biotransformation des micropolluants dans les traitements des eaux usees 
sont traitees.
Mots-cl6s : laccases, combination of cross-linked enzyme aggregates, enzyme polymer 
engineered structures, bioreactor, emerging contaminants, wastewater treatment.
2.2.2 Abstract
Over the last few decades many attempts have been made to use biocatalysts for the 
biotransformation of emerging contaminants in environmental matrices. Laccase, a multicopper 
oxidoreductase enzyme, has shown great potential in oxidizing a large number of phenolic and 
non-phenolic emerging contaminants (ECs). However, laccases and more broadly enzymes in 
their free form are biocatalysts whose applications in solution have many drawbacks rendering 
them currently unsuitable for large scale use. To circumvent these limitations, the enzyme can 
be immobilized onto carriers or entrapped within capsules; these two immobilization techniques 
have the disadvantage of generating a large mass of non-catalytic product. Insolubilization of the 
free enzymes as cross-linked enzymes (CLEAs) is found to yield a greater volume ratio of
biocatalyst while improving the characteristics of the biocatalyst. Ultimately, novel techniques of 
enzymes insolubilization and stabilization are feasible with the combination of cross-linked 
enzyme aggregates (combi-CLEAs) and enzyme polymer engineered structures (EPESs) for the 
elimination of emerging micropollutants in wastewater. In this review, fundamental features of 
laccases are provided in order to elucidate their catalytic mechanism, followed by different 
chemical aspects of the immobilization and insolubilization techniques applicable to laccases. 
Finally, kinetic and reactor design effects for enzymes in relation with the potential applications 
of laccases as combi-CLEAs and EPESs for the biotransformation of micropollutants in 
wastewater are discussed.
Keywords: laccases, combination of cross-linked enzyme aggregates, enzyme polymer 
engineered structures, bioreactor, emerging contaminants, wastewater treatment.
2.3 Introduction
Laccases (Lac, E.C. 1.10.3.2) have been a subject of extensive research for their potential 
applications in various bioremediation fields in the last decades. Many researchers have 
investigated the use of these enzymes in the treatment of effluents from the pulp and paper 
industry, the textile industry, and municipal sewage (cf. reviews by [26-30]). This increasing 
interest in laccases in wastewater treatment is triggered by the pressing need to use “greener 
compounds” rather than environmental harmful compounds in treatment processes and by the 
necessity to effectively eliminate a wide variety of emerging contaminants that are 
unsatisfactorily removed by existing effluent treatment technologies.
Along with lignin peroxidase (LiP, E.C. 1.11.1.14), manganese peroxidase (MnP, E.C. 
1.11.1.13), and versatile peroxidase (VP, E.C. 1.11.1.16), laccases constitute one of the four 
major enzymes secreted by the white rot fungi (WRF) for the degradation of lignin. Although 
these enzymes share many properties regarding their oxidative capability, the copper-containing 
oxidases, laccases, possess some specific characteristics for their application in bioremediation. 
Laccases catalyze reactions in the presence of O2 and substrate [29, 31, 32] instead of hydrogen 
peroxide for LiP, MnP, and VP. Thereby, they are able to carry out a one-electron oxidation of 
phenolic compounds with a concomitant reduction of oxygen to water without the need for 
hydrogen peroxide. Moreover, they can oxidize non-phenolic compounds in the presence of
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electron transfer mediator molecules that enable them to overcome their lower redox potential 
(450-800 mV) towards these compounds [33-35]. As a result, their substrate spectra have 
become even broader making them very appealing for bioremediation applications.
Laccases have proven to have considerable potential for the removal of several pollutants of 
environmental concern in water bodies and soils. These pollutants include chlorophenols [36- 
40]; dyes [31, 41]; and some emerging compounds established or suspected to be endocrine 
disrupting chemicals such as bisphenol A, nonylphenol, and triclosan [42-45]. However, it is 
noteworthy that large scale use of free laccase requires an enormous quantity of the enzyme 
produced at relatively low cost which is not an easy task due to the cost of the culture medium 
[18]. Furthermore, many factors are known to hinder the full potential catalytic ability of the free 
enzyme in wastewater (as generally observed for different enzymes in various applications). 
Inhibition of laccase catalytic properties has been observed through conformational change of the 
enzyme, modification induced to the amino groups along with the chelation of the copper atoms 
[46]. Some authors demonstrated that copper reducing or chelating agents azide, thioglycolic 
acid, diethyl-dithiocarbamate inhibit the activity of laccase [47]. High ionic strength of the 
medium due to the presence of certain ions of heavy metals (e.g., Hg2+, Sn2+, Zn2+, Fe2+, Fe3+); 
halides (e.g., F‘, C1‘, Br ); acetates compounds; some organic solvents (e.g., acetone, acetonitrile, 
dimethyl sulfoxide) and anionic surfactants (e.g., sodium dodecylsulfate) are also reported to 
inhibit laccase activity to some extent [28, 48, 49]. Lack of stability is another major limiting- 
factor for large scale use of free laccase. Several studies have shown high loss of activity of 
various free laccases as shortcoming to their operational stability [19, 32, 44, 45, 50]. Finally, 
difficult recovery coupled with limited re-usability has also been pointed out as major limiting- 
factor for large scale application of the free enzyme [43].
There lately have been substantial efforts towards eliminating or mitigating these drawbacks to 
enable large scale application of enzymes including laccases. Immobilization is one of the 
techniques that has been explored in order to reach this goal (cf. review by [51, 52]). Enzyme 
immobilization has been categorized in three methods: support or carrier-binding, encapsulation 
or entrapment, and cross-linking [51, 53, 54]. Carrier-binding methods for enzymes are 
performed through physico-chemical mechanisms. Adsorption occurs via electrostatic 
interactions and Van der Walls forces between the enzymes and the carrier surface. Adsorption
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via hydrogen bonding is also observed in physical immobilization. Immobilization occurs via 
ionic or covalent binding. In the former, the enzyme and its support bind depending on the 
medium pH and its ionic composition whereas in the latter the binding takes place between some 
functional groups of the carrier and the enzyme. The second method of enzyme immobilization 
known as encapsulation (entrapment) is not much different from the carrier-binding method. In 
encapsulation, the enzyme is trapped inside the pores of the support to preserve the enzyme’s 
three dimensional structure. The most widely used technique in this category is immobilization 
in silica sol-gel matrices [55]. Both the carrier-binding and encapsulation methods have the 
disadvantage of generating large non-catalytic mass (support) for low quantity of catalyst and 
thus diminishing the efficiency of the obtained biocatalyst. Crosslinking has been developed as 
an alternative to the carrier-binding and encapsulation methods.
The technique of crosslinking enzymes gained interest in the sixties and seventies [56, 57] as a 
route to avoid activity dilution in a carrier. Basically, this immobilization technique is a variant 
of covalent binding in which functional groups (e.g. amine groups, carboxylic groups) of 
different enzyme molecules are linked together using a bi- or multifunctional reagent. 
Crosslinking reagents are of prime importance in the immobilization technique as their chemistry 
enables the inter- and intramolecular covalent bonding and does not contribute to the 
deactivation of the enzyme [58]. Carrierless immobilization is performed via several methods. 
One method consists in direct crosslinking the enzymes in solution known as cross-linked 
enzymes (CLEs). In turn, support-free biocatalyst in solution can be spray-dried prior to 
immobilization (cross linked spray dry, CLSD) leading to a low activity retention and low 
mechanical stability similar to the CLE. A more robust and highly active insolubilized enzyme is 
found to be feasible by cross-linked enzyme crystals (CLECs). For instance, CLEC of laccase 
from T. versicolor has been proven to be very active in oxidizing several phenolic compounds 
(guaiacol, catechol, pyrogallol, catechin) and a non-phenolic compound (ABTS) [58, 59]. 
However, major drawbacks on CLECs formation reside in the fact that the crystallization process 
is very laborious and requires highly pure enzyme. Cross-linked enzymes aggregates (CLEAs), 
on the other hand, are made with raw enzyme while enabling the formed biocatalyst to be 
insoluble without major modification of their molecular structure eliminating loss of activity. 
CLEAs have been subject of some researches [60-62] and will be discussed further on in this 
review.
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Novel approaches of enzyme insolubilization and stabilization consisting of combination of 
different enzymes as cross-linked enzyme aggregates (combi-CLEAs) [24, 63-65] and single 
enzyme nanoparticles (SENs) [66-69] have recently emerged as promising biocatalysts synthesis 
and are gaining interest in bioremediation.
In this review, the fundamental aspects of laccases relevant to their catalytic reaction for the 
removal of some emerging contaminants in wastewater are presented. The chemistry of 
crosslinkers and their mechanism of reaction with enzymes including laccases in the technique of 
insolubilization are reviewed. Finally, the potential use of laccases in the form of the novel 
biocatalysts (CLEAs/combi-CLEAs and EPESs) to treat micropollutants of emerging concern in 
wastewater are discussed.
2.4 Laccases
2.4.1 Composition
Laccase (benzenediol:oxygen oxidoreductase, EC 1.10.3.2) is a multicopper oxidase (MCO) 
glycoprotein. First reported to be present in the juice of the milky secretion (urushi) of the 
Japanese tree Rhus vernicifera [70], the enzyme is now well-known to be ubiquitous in nature 
and found in plants, insects, bacteria and fungi. Fungal laccases (the most widely encountered in 
the literature and the focus of this review) catalyze the oxidation of a broad number of 
environmental pollutants [71, 72]. In order to decipher the oxidation mechanism of laccases, it is 
critical to understand its three dimensional structure and amino acid (AA) residue Sequence. 
Several studies on laccase from different species of fungi have recently provided a significant 
insight of its crystalline structure and AA residues sequence [73-79] that is summarized 
hereafter. Basically, laccases are found to be made of a sequence of polypeptide containing about 
500 AA residues and linked to saccharide molecules. The enzyme is generally a monomer 
containing at least one copper atom with, frequently, three additional coppers bound to specific 
sites of its structure. The A A residues are arranged in three cupredoxin-like p-barrel domains 
similar to that of ascorbate oxidase (AO) described by [80]. On average, the three domains 
encase each 140-200 residues with overall structural dimensions of about 70 A x 55 A x 50 A. 
From UV/visible and electron paramagnetic resonance (EPR) spectroscopy, the four copper 
atoms has been conventionally classified into three types: types 1 and 2  which comprise one
11
copper atom each and type 3 with two copper atoms. The type 1 copper (Tl) occupies a 
mononuclear copper site embedded 6-7 A below the surface of the enzyme in domain 3 where it 
is bound to two histidines and a cysteine residues (and often to a methionine as well). Tl is 
found to have an absorption maximum at around 600 nm, which confers the intense blue color to 
the enzyme, and is EPR detectable. T2 is reported as normal copper exhibiting only weak 
absorption in the visible region and is EPR-active. The binuclear T3 is characterized by an 
absorption peak at about 300 nm with no EPR signal due to an antiferromagnetic coupling 
mediated by a hydroxyl or oxygen bridging ligand between the two copper atoms. T2 and T3 
form a trinuclear copper cluster which center is sited at the interface of domains 1 and 3 at 12-13 
A beneath the surface of the enzyme where they are coordinated to eight histidine residues (two 
for T2 and three for each of the double copper of T3). The coordinate system also includes a 
histidine-cysteine-histidine tripeptide connection between Tl and the trinuclear cluster T2/T3, 
two interdomain disulfide bridging (i.e., cysteine-cysteine between domains 1 and 2  and between 
domains 1 and 3) and an extensive loop bridging domains 2 and 3. These complex labyrinthine 
interconnections contribute to rendering the overall structure of the enzyme stable. 
Understanding the coordination complex of laccases established the basis for elucidating their 
catalysis mechanism that has mostly derived from its MCO family member, AO, 
comprehensively described [81, 82]. Accordingly, the oxidation process is initiated at the Tl site 
where successive individual electrons from the reducing substrate are extracted and transferred to 
the T2/T3 cluster via the His-Cys-His ligand described earlier. At the latter site, accumulated 
electrons enable the reduction of oxygen to water.
Most fungal laccases are extracellular proteins and have a molecular weight of approximately 
60-70 kDa [83, 8.4]. But, weights not in this range are commonly found as illustrated for 
Phanerochaete chrysosporium, 47 kDa [85] and Podospora anserine, 390 kDa [8 6 ] laccases. For 
these variable molecular masses, the glycosylation state accounts for 10 to 25 % carbohydrate of 
the protein total molecule by weight. The glycosylation extent also varies significantly from 
species to species and within the same species with different strains. This is demonstrated for 
Myceliophthora thermophila, 40 to 60 % [87] and Botrytis cinerea, 8 6  to 91 % [8 8 ]. Conversely, 
lower carbohydrates content were found for Pleurotus eryngii, 1 to 7% [89]. The glycans 
commonly found to be bound, usually through an N-linkage, to the polypeptide of the enzyme 
include mannose, glucose, N-acetyl-D-glucosamine, hexosamine, galactose, fructose, arabinose,
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and xylose [86, 90, 91]. The role of glycosylation for the biocatalyst is very important. In binding 
to its molecule, the carbohydrate moiety chains, obviously, contribute to defining the structure of 
the enzyme with a specific folding which is proven to provide its protective functions against 
proteolytic and elevated temperature degradations [92].
Fungal laccases have acidic isoelectric point (pi) around pH 4.0 (varying from 2.6 to 6.9) [30]. 
These enzymes were found to exhibit their higher activity at pH optima in acidic range 
(depending on test conditions). This may be attributed to the fact that the microorganisms 
producing enzymes grow better under acidic medium conditions [28] and to the occurrence at 
high pH of strong bonding of T2 Cu-OH' that hampers the reduction of oxygen to water via the 
reaction O2' + 2H+ —»H20 [93]. The pH optima are very much substrate-dependent. While the 
oxidation of ABTS occurs at an optimal pH of 4 or lower, the optimal pH is between 4 and 7 for 
2,6-dimetoxyphenol (DMP), guaiacol, syringaldazine with a bell-shaped curve expressing 
activity versus pH [30]. However, it is not uncommon to find a non-bell-shaped curve for 
activity-pH as the optimum pH may show up in narrow peak or in pseudo-linear forms.
2.4.2 Non-specificity
Laccases are non-specific enzymes in regards to their substrates. They are able to catalyze the 
oxidation of a large number of organic compounds including phenols. As such, they are 
recognized as versatile biocatalysts oxidizing natural and industrial compounds [94] of 
environmental interest in effluents treatment. Additionally, laccases are found to be able to 
oxidize non-phenol compounds with higher redox potential. For instance, in the presence of 
redox co-catalysts or mediators, laccases break down the carbon-hydrogen bonds to enable the 
oxidation process of aliphatic compounds [95, 96]. These mediators include synthetic 
compounds such as ABTS, violuric acid and 1-hydrobenzotriazole (1-HBT), as well as natural 
products such as 4-hydroxybenzoic acid and 4-hydroxybenzyl alcohol [35, 46]. Unlike most (if 
not all known) biocatalysts, laccases use four single-electron oxidation steps for their catalysis 
with readily available molecular oxygen as the unique stoichiometric oxidant of the reactions 
where mediators are not needed. Subsequently, water is found to be the sole by-product of the 
reactions which eliminates any concern for other end-products when using the biocatalyst. Also, 
as these oxidations occur in water at ambient temperature (20-40°C) laccases have become good 
candidates for green and environmentally friendly oxidation method for the elimination of
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xenobiotic molecules [97]. Furthermore, it is known that more and more phenolic compounds 
having harmful effects are widespread in the environment and that the existing conventional 
technologies have limited capabilities to treat some of these compounds, therefore the use of 
laccases is a promising alternative.
2.5 Applications of free laccases in wastewater treatment
Laccases are useful biocatalysts for a wide range of biotechnological (including bioremediation) 
applications due to their highly nonspecific oxidation ability and their use of readily available 
molecular oxygen as an electron acceptor [84]. Laccases have been applied for the decolorization 
and detoxification of effluents from textile, dyestuff, and pulp and paper industries [98]. The 
application of laccase in municipal wastewater has also been largely explored. For instance, in 
batch study, natural and synthetic estrogens (estrone, 17(3-estradiol, estriol, and 17a- 
ethinylestradiol) were completely removed from synthetic and municipal wastewater when 
treated with laccases from T. versicolor [99, 100]. In another experiment, laccase from T. 
versicolor applied in primary effluent was able to remove 95-100% of oxybenzone [101]. 
Indeed, amongst the many micropollutants that are not removed from the liquid phase by 
wastewater treatment plants, some portion of these contaminants are transferred into the sludge 
and may end up in soil matrices (e.g. through agricultural application). Thus, it is important that 
laccase biocatalysts become effective in treating the targeted micopollutants in soil 
bioremediation processes as well. Several studies have shown the potential of laccases to do so. 
For instance, laccase from Trametes sp. was used to remove more than 80% of phenolic 
endocrine-disrupting chemicals (bisphenol A, nonylphenol, octylphenol, and ethynylestradiol) 
from soils [102]. There are other reported applications of laccases for detoxification of soils [17, 
39],
However, as the free enzyme is not currently suitable for large scale use in bioremediation, 
several immobilizations techniques have been attempted. For instance, Nicolucci and coworkers, 
using laccase from T. versicolor immobilized on polyacrylonitrile beads in a FBR, were able to 
completely remove bisphenol A, bisphenol B, bisphenol F and to convert 96% of 
tetrachlorobisphenol A after 90 min of enzyme treatment of contaminated waters [45]. In a batch 
reactor, Zhang and coworkers were able to remove up to 88.8% of 2,4-dichlorophenol in aqueous
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solution using chitosan-immobilized laccase from Coriolus versicolor [44]. In batch conditions, 
total phenols and ortho-diphenols were eliminated by 67 and 72%, respectively, from olive-mill 
effluent after 24 h of application of chitosan-immobilized laccase from Lentinula edodes [103]. 
Although application of immobilized laccase for the elimination of pollutants in aqueous solution 
appears limited in the literature, these previous examples are illustrative of the potential of 
immobilized/insolubilized laccase in wastewater bioremediation.
The advantage for using of laccases as biocatalysts in the treatment of wastewater lies also in 
their reaction end-products. Indeed, laccases oxidize phenolic compounds to form their 
corresponding free and very reactive radicals [17]. These phenoxyl radicals then polymerize to 
form either varieties of oligomers or further degrade the formed oligomers to different fragments. 
Also, the various metabolites generated have been found to completely or significantly lose their 
biological activity and toxicity [38, 104, 105]. It is argued that the elimination of the biological 
activity of the parent compound could be linked to the physical removal by precipitation of the 
oligomers produced via the laccase catalysis, which implies that these oligomers are insoluble 
[43]. In soil matrix, Bollag [17] claimed that the oxidative coupling of phenolic chemicals to the 
humic substance mediated by laccase leads to a decrease of the amount of material available to 
interact with the biota, thus reducing the toxicity of the parent phenolic compound. Several 
studies illustrate the nature of end-products and their resulting activity and toxicity. For instance, 
it was demonstrated that an application of Trametes villosa laccase on bisphenol A (BPA) 
catalyzed the oxidative condensation of BPA into its dimer, trimer, tetramer, pentamer and 
hexamer with C-C and/or C-0 bonds between phenol moieties. Subsequently, these oligomers 
cleaved to fragments of oligomers each with phenol molecules as shown by the release of 4- 
isopropenylphenol [106]. These authors also found no estrogenic activity for the BPA reaction 
products and effective BPA’s toxicity removal with sufficient amount of the laccase. Likewise, 
an elimination of BPA, triclosan (TCS), and nonylphenol (NP), three phenolic compounds, with 
Coriolopsis polyzona laccase produced their respective oligomers associated with fragmentation 
of some of the formed oligomers; after 8 h of enzymatic treatment, the metabolites for both BPA 
and NP had no estrogenic activity [43]. In an experiment for the elimination of BPA and TCS 
using laccase from Ganoderma stipitatum and Lentinus swartzii fungi, [107] have shown more 
than 90 % removal of both contaminants with generation of various oligomers as reaction 
products. Subsequent analysis showed up to 90 % reduction of the estrogenic activity of BPA
and an important reduction of the toxicity of both BPA and TCS solutions after enzymatic 
treatments. This toxicity result is consistent with previous work done by [108] in which laccase- 
catalyzed oxidation of BPA resulted in a significant decrease in toxicity of the aqueous solution.
2.6 Immobilization and insolubilization methods of enzymes
In order to optimize their operational performance for industrial and large scale applications, 
enzymes have been immobilized/insolubilized through various methods described in several 
reviews as mentioned in the introduction. Thus, in this section we focus on the insolubilization 
technique with regard to the AA residues and crosslinking agents.
Insolubilization is performed without solid support by simply linking enzymes molecules to each 
other to form large complexes inherently immobilized because individual enzyme molecules are 
no longer free to diffuse in solution [109], As a result, a greater activity ratio to non-catalytic 
mass than carrier-bound enzymes is obtained assuming that denaturation does not take place 
during the process. Several methods of enzymes crosslinking have been developed since the 
second half of the 20th Century for various purposes [56, 57, 110]. The techniques of 
crosslinking are a variant of covalent binding involving functional groups (e.g., NH2) of the 
enzyme linked together by the aid of a bi- or multifunctional reagent. Detailed description of 
these techniques has been comprehensively reviewed [53, 54, 111]. For these techniques, the 
chemistry of the cross-linker and the surface properties of enzyme’s amino groups are 
important features in the process of cross-linking and will be extensively discussed. Novel 
approaches of enzyme immobilization include the combination of cross-linked enzymes 
aggregate (combi-CLEAs) and the enzyme polymer engineered structures (EPESs); this latter 
being an attractive approach to increase CLEAs stability.
2.6.1 Enzymes and amino acid residues surface properties
AA residues play a major role in enzyme immobilization/insolubilization. Enzymes (and proteins 
in general) are macromolecules formed by polymerization of AA residues. The sequence of these 
AA residues (also known as the primary structure) forms the backbone of the protein and 
determines how the protein will fold into a three-dimensional structure. Enzymes also have side 
chains bound to the AA skeleton. These side chains are also very important features of enzymes 
as they determine most of their surface properties. The side chains can be classified into four
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subgroups: the non-polar hydrophobic (generally within the center of the enzyme) unfavorable 
for covalent bonding, polar hydrophilic (generally on the surface of the enzyme) with hydrogen 
bonding capability, net positively-charged (strongly hydrophilic acting as base in solution), net 
negatively-charged (strongly hydrophilic acting as acid in solution). These net charges generally 
result from solution pH relatively to the dissociation constant (pKa) of the AA residue; at pH 
values above the pKa, AA residue become anionic or neutral, whereas below the pKa AA 
residue become cationic or neutral. Indeed, the activity level of the side chain is determined by 
their degree of protonation; a variation in the following order has been reported: -S‘>-SH>-0 >- 
NH2>-COO'>-OH>-NH3+ and their charges can be derived from the solution pH and the pKa of 
the ionized groups [112]. Also, the AA residue net charges are important in enzymes 
immobilization/insolubilization by means of adsorption via electrostatic/ionic interactions. In 
fact, the main factors to consider when immobilizing (or insolubilizing) enzymes are: chemical 
and physical environment (i.e. solution), charge on enzyme/PI, and polarity of the enzyme 
(hydrophobic/hydrophilic regions) [55].
With regards to fungal laccases, the three most reported AA residues in the literature are 
histidine (His), cysteine (Cys), and methionine (Met) (cf. section 1-a). Met is non-polar and 
contains a sulfur atom not involved in crosslinking contrarily to His and Cys residues both found 
to be involved in coupling with activated functional group [109, 113]. His has basic side chains 
positively charged at or near neutral pH or lower. The side chain amino group is attached to an 
imidazole group which has a pKa of 6.0. However, as pKa values for AA residues depend on the 
environment and can change significantly within the confines of a protein, His can be protonated 
or unprotonated [114]. Cys has a polar neutral side chain at neutral pH which consists of a thiol 
group (-SH) that can react with other thiol groups to form disulfide (-S-S-) bridges in oxidation 
reaction. The thiol group can also be deprotonated [114]. Along with cysteine and histidine, 
lysine and tyrosine residues (also present in laccases) are found to be most commonly involved 
in coupling reaction with activated functional group on support material [109].
When immobilizing enzymes without support (i.e. insolubilizing), the use of a crosslinking 
agent, that reacts with the residual functional groups on the surface of the AA residues, is 
essential. Various compounds have been used in crosslinking enzymes; hereafter is described the 
chemistry of common crosslinkers encountered in the literature.
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2.6.2 Chemistry of cross-linkers
Amongst the numerous crosslinkers, some of them such as dialdehydes have been extensively 
used over a long period of time.
2.6.2.1 Dialdehyde
Many dialdehydes have been used to efficiently crosslink proteins or other biopolymers. The 
more often, glutaraldehyde is the dialdehyde of choice but glyoxal, malondialdehyde [115] 
scleraldehyde (Gladstone) and modified polysaccharides have also been used. Excluding the 
particular case of glutaraldehyde, most of these dialdehydes will crosslink enzymes in a reaction 
similar to formaldehyde reacting with an amine (Figure 2. 1).
Figure 2.1 Reaction of formaldehyde with amine group.
Most dialdehydes will produce a Schiff base when reacting with one or more proteins. This 
Schiff base can then be reduced to yield a stronger link, usually with cyanoborohydride salts 
(Hermanson, 1996). However, glutaraldehyde reacts differently than other dialdehydes since it 
undergoes polymerization when in solution [116].
Glutaraldehyde
Glutaraldehyde is a synthetic pentacarbon homobifunctional aldehyde soluble in water, alcohol, 
and organic solvents widely used in enzymes technology. It is widely recognized that 
glutaraldehyde reacts primarily with the amino groups of proteins to form crosslinks analogously 
to the mechanism of reaction of formaldehyde [117-119]. There also has been report of 
glutaraldehyde reaction with various functional groups of proteins including amine, thiol, phenol, 
and imidazole into crosslinked groups [113]; which has been attributed to the nucleophilic 
character of the side chains [116]. Glutaraldehyde has been shown to be very reactive towards 
laccase-based AA residues as the cases with sulfhydryl group of cysteine and imidazole group of 
histidine [113]. The ability of glutaraldehyde to react with the primary and side chain structures 
of proteins makes it an efficient reagent candidate in enzyme crosslinking. Moreover,
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glutaraldehyde is commercially available at low cost and has several reactive forms based on 
solutions conditions such as pH, concentration, temperature, etc. [116] to generate very stable 
linkages with proteins [112]. Many enzymes were successfully crosslinked by glutaraldehyde 
like laccase [19], tyrosinase [120], lipase [121] and many more. These enzymes were bound on 
solid supports, entrapped in a matrix and formed crosslinked enzyme aggregates. The 
performances of these treatments varied from an enzyme to another and from a type of 
immobilization to another. A good example of the efficiency of glutaraldehyde is the CLEAs of 
laccase produced by [19]. During the production of these CLEAs, they obtained up to 60% of 
activity recovery and the CLEAs obtained were more resistant to chemical denaturants and to 
thermal degradation (half-life of 7,7 hours instead of 2 hours for free laccase in pH3 citrate 
buffer at 40°C). Some enzymes however did not maintain their active form during the 
immobilization process like the nitrilase which lost most of its activity possibly due to the 
reaction between glutaraldehyde and an AA residue presents in its catalytic site [53]. However, 
glutaraldehyde may cause large losses of activity in enzymes [60], a fact attributed to physical 
attack, chemical modification or denaturation of subunits essential for catalytic activity [54, 
122]. Because glutaraldehyde is highly reactive and small in size, it can diffuse into the internal 
structure of enzymes and react with the active site’s AA residue resulting to a severe loss of their 
catalytic activity [122]. Additionally, glutaraldehyde may cause adverse health effects to humans 
[123, 124] such as nasal, throat, and lung irritation, asthma and conjunctivitis. This crosslinker is 
also toxic where it can reduce the reproduction and impede the growth of aquatic organisms and 
species [125-127]. Due to these drawbacks various crosslinkers have been used as alternative to 
glutaraldehyde including glyoxal, dextran polyaldehyde, etc.
Glyoxal
Glyoxal is a dialdehyde often used in the process of enzyme crosslinking or immobilization as 
surrogate to glutaraldehyde due to its lower toxicity. This three-carbon long crosslinker has been 
used by [128] to immobilize laccase on Celite® beads leading to a better thermal stability of the 
enzyme. About 30% of the initial activity was retained after 24 hours at 40°C in a pH 3 citrate 
solution instead of less than 10% for the free laccase. Due to its size, glyoxal generates smaller 
steric hindrance than glutaraldehyde since the laccase activity recovery after immobilization with 
the use of glyoxal is higher than with glutaraldehyde. It also has been used by [129] to crosslink
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hydrogels of collagen and chitosan. These hydrogels appeared to be biocompatible while those 
crosslinked by glutaraldehyde showed a high cytotoxicity. This advantage permits the
scaffold. However, glyoxal is known to have some adverse effects on human cells especially on 
the proteins and DNA [130].
Dextran polyaldehyde
Dextrans are commercially available highly hydrophilic carbohydrate polymers. These molecules 
have been modified to form dextran polyahldehyde as crosslinker. The synthesis process consists 
of oxidizing the polysaccharide by dissolution in water and addition of sodium metaperiodate 
[64] or similar compound to cleave the C-C bonds with subsequent formation of polyaldehydic 
macromolecules reactive to AA residues (Figure 2.2). A final reduction of these macromolecules 
with sodium borohydride results to an irreversibly linked structure.
Figure 2.2 Synthesis of dextran to dextran aldehyde by oxidation with sodium periodate (adapted 
from [131]).
One of the main advantages of dextran polyaldehyde is its intrinsic macromolecular structure 
which prevents any possible diffusion to the enzyme active site, thus yielding greater catalytic 
activity than with glutaraldehyde unless a steric hindrance takes place. For instance, enzymes 
(oxynitrilase from Prunus amygdalus, hydroxynitrile lyase, alcohol dehydrogenase from 
Lactobacillus brevis, Penicillin G acylase from Escherichia coli, and two different nitrilases) 
have been synthesized as CLEAs using glutaraldehyde and dextran polyaldehyde as crosslinkers. 
The results showed equal (case of oxynitrilase only) to much higher activity recovery with the 
latter reagent [64]. Besides the polysaccharide dextran, the polyaldehydes can be made with 
several other monosaccharides such as galactose [132, 133], glucose, lactose, and sucrose [134].
crosslinking simultaneously to the incorporation of the cells in the chitosan and collagen
N aI04
Dextran 0 Dextran aldehyde ® Possible structure
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2.62.2 Chitosan
Chitosan is a derivative biopolymer of chitin by N-deacetylation (Figure 2.3). Chitin is one the 
most abundant natural fiber constituting the exoskeleton of crustaceans and insects, also found in 
cell walls of fungal mycelia, etc. Chitosan is chemically analogous to cellulose in which the 
hydroxyl at C-2 is substituted by an amino group.
HO HO
HO HONH NH.
OH OH
m
Figure 2.3 Structure of chitin (for m/y greater than 50%). Chitin can be deacetylated to form 
chitosan (for n/y greater than 50%).
The polyglucosamine is hydrophobic and nearly insoluble. Its solubility starts at 80% to higher 
deacetylation [135] in pure water but dissolves in dilute acids and is highly basic, unlike most 
naturally occurring polysaccharides found to be neutral or acidic [136]. Additional properties of 
chitosan comprise high stability and reactivity with great chelation ability to wide number of 
compounds, biodegradability and nontoxicity to environment, and remarkable affinity to proteins 
[135] rendering it very attractive for various applications including the use as crosslinking agent. 
In protein engineering, chitosan has been used as support or matrix to immobilize enzymes in 
several experiments but can also serve as crosslinker with the aid of an agent that activates the 
carboxylic group of the enzyme [137, 138]. Therefore, the crosslinking mechanism of protein 
with chitosan is feasible by simply using any of the protein carboxylic-activating agents such as 
l-ethyl-3-(3-dimethylamino isopropyl) carbodiimide hydrochloride (EDC) to form amino- 
reactive derivative. The amino groups of chitosan then react with this derivative to form covalent 
bindings as crosslinks as illustrated in Figure 2.4.
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Figure 2.4 Crosslinking mechanism of enzyme with chitosan in presence of EDC.
Recently, chitosan has gained much interest in water and wastewater treatment due to its high 
adsorption capability (high content of amino and hydroxyl groups) as surrogate to activated 
carbon for the removal of various contaminants including heavy metals [139]. Other applications 
of chitosan include its use in laccase immobilization [22, 138, 140, 141] and stabilization of 
enzyme as single enzyme nanoparticle [69]. Despite its limited use as crosslinker in the 
literature, chitosan has demonstrated interesting ability in this role [137]. Nonetheless, its 
requirement of EDC as a mediator reagent is questionable.
Example o f carbodiimide used with chitosan: EDC
EDC is a carbodiimide widely used in protein synthesis. It is a water-soluble zero-length 
heterobifunctional crosslinking reagent capable of forming amide bonds [142-144]. This ability 
favored the wide use of EDC as efficient crosslinker to form protein-protein, protein-peptide, and 
protein-oligonucleotide intermolecular conjugates [145] for various applications. The mechanism 
of reaction of EDC as proteins crosslinker consists of an action of the reagent upon carboxylates 
(-COOH) to form highly reactive O-acylisourea intermediates (Figure 2.5, Step 1) that 
spontaneously react with nucleophile species, i.e. primary amines (-NH2), resulting to amide 
bonds formation (Figure 2.5, Step 2) [143,146].
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Figure 2.5 Two-step mechanism of carboxylate activation with EDC to form reactive
intermediate (step 1) with subsequent reaction with amine group to form amide bond with 
release of isourea by-product (step 2) (adapted from [145]).
Unlike many other protein crosslinkers, as zero-length reagent, EDC does not remain as part of 
or generate extra (amide) linkage but instead dissolves as urea that has low cytotoxicity [147, 
148], Such characteristic enables the use of EDC as activating agent in conjunction with other 
crosslinkers such as the renewable biopolymer chitosan [137]. In spite of the advantages of the 
reagent mentioned above, some important drawbacks exist when using EDC as protein a 
crosslinker. Self-polymerization may occur in the presence of EDC as a result of intramolecular 
bonding between the carboxylates and amines groups of the same protein molecules instead of 
intermolecular bonding between targeted proteins [145]. Also, it is reported that in aqueous 
solutions, hydrolysis by water may cleave off the intermediate O-acylisourea to an isourea before 
amide cross-linking with a subsequent regeneration of the carboxylate group [149].
2.7 Potential application of novel biocatalysts (CLEAs/combi-CLEAs and EPESs) in wastewater
treatment
2.7.1 Use of CLEAs/combi-CLEAs for the elimination of EC in aqueous solution
Knowledge of the chemical properties of AA residues as well as their mechanism of reaction 
with specific reagents, described above, contributed significantly to the understanding and
development of the field of the crosslinking of proteins and enzymes [150]. As a result, the novel 
techniques of protein crosslinking known as CLEAs have paved the way to the formation of 
combi-CLEAs that are gaining momentum in the production of biocatalysts with enhanced 
characteristics (activity, stability, etc.) relevant for their applications. Combi-CLEAs have 
numerous economic and environmental potential benefits including fewer unit operations, less 
reactor volume, higher volumetric and space-time yields, shorter cycle times, and less waste 
generation [53]. In the next section we focus on the potential environmental applications of these 
novel biocatalysts (CLEAs and combi-CLEAs). Combi-CLEAs being defined as CLEAs of 
heterogeneous populations of proteins/enzymes [24], the potential applications of both 
biocatalysts are not discriminated henceforth.
CLEAs/combi-CLEAs have many intrinsic advantages, as mentioned earlier, that favor their 
potential applications. The circumvention of carrier in the synthesis of these novel biocatalysts 
yields a higher volumetric catalyst with little non-catalytic mass which in turn results in a 
reduced volume of reactor design for the usage of the biocatalysts. In fact, reactor design and 
kinetic parameters are essential features to be taken into account for the applications of 
biocatalysts in the biotransformation of environmental contaminants found at micro- to 
nanogram per liter concentrations. In applying immobilized/insolubilized proteins including 
these novel biocatalysts, various reactor designs have been used either in batch or continuous 
processes. In batch mode, an applied biocatalyst can be recovered by filtration or centrifugation 
whereas in continuous mode such as packed bed reactor, biocatalyst of fairly large particles can 
be used in a fashion that large pressure drop over the column is prevented while ensuring that 
minimization of diffusion limitations for efficient catalysis is obtained [151].
Using laccase CLEAs from C. polyzona in a fluidized bed reactor (FBR) and a perfusion basket 
reactor, [19, 62] were able to eliminate more than 95% of a branched isomer of nonylphenol, 
triclosan and bisphenol A from an aqueous solution at a 150-min residence time. In batch 
experiments, combi-CLEAs of versatile peroxidase (VP) and glucose oxidase (GOD) have been 
shown to eliminate several known endocrine disrupting compounds with more than 90 % for 
bisphenol A (BPA), nonylphenol (NP), 17a-ethinylestradiol (EE2), and 17b-estradiol (E2) and 
about 25 % for triclosan (TCS) [23]. In the same study by Taboada-Puig and coworkers, more
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than 90% of BPA were eliminated with the VP-GOD combi-CLEAs in a continuous process 
using a membrane bioreactor.
For the elimination of these micropollutants in actual wastewater the kinetic parameters and 
reactor design are very important as explained below.
2.7.2 Kinetics for applied CLEAs/combi-CLEAs in micropollutants elimination
In the experiments done by [19, 62], the Michaelis-Menten kinetics constants, Km, values for the 
oxidation of ABTS for free and insolubilized enzymes were about the same (32.0 pM and 28.5- 
31.9 pM, respectively). Likewise, in the experiment by [23], the Km values for H2O2 (co­
substrate for VP catalysis) were only slightly different (37.8 pM, 36.3 and 27.5 pM, for free VP, 
free VP-GOD and VP-GOD-CLEAs, respectively). This is in agreement with the two preceding 
results and indicated that the insolubilization of the free enzymes as combi-CLEAs did not create 
diffusion limitations for the oxidation of the model substrate (i.e., DMP) in contrast with other 
immobilization techniques (.i.e., on beads as carriers) applied elsewhere [45, 103]. Additionally, 
in an experiment by [152], the biotransformation by hydrolysis of the synthetic substrate for a- 
chymotrypsin, N-glutaryl-L-phenylalanine p-nitroanilide led to kinetic constants Km and Vmax of 
0.50 mM and 0.77 mM min'1, respectively. These values are not significantly different with those 
of solution-phase batchwise reaction using the same enzyme/substrate reaction. The results are 
also consistent with those presented above. In contrast, the hydrolysis of the acylase-based 
CLEAs for its substrate acetyl-D, L-phenylalanine provided Km and Vmax values of 4.58 mM and 
1.10 mM min'1, respectively compared to 2.33 mM and 4.69 mM min'1 when using free 
acylase/acetyl-D, L-phenylalanine under the same reaction conditions. These significant 
differences in kinetic constants values imply that diffusion of the substrate to the enzyme active 
site was somehow limited, a fact the authors attributed to partial inhibition of the enzyme 
hydrolytic capability by the cross-linking agents (glutaraldehyde and paraformaldehyde).
The Km values of the surrogate ECs to the biocatalysts reported from most experiments for 
eliminating these ECs result from their high concentration in the order of mg/L [19, 62]. Both 
these Km values and the experimental concentrations are generally far superior to the actual 
concentration of these micropollutants in real aquatic environments. The actual concentration 
levels found are in the order of ng/L to pg/L as the case for some endocrine disrupting
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compounds in wastewaters [153-156]. In experiments, high concentrations of the micropollutants 
are used as a way to overcome the difficulties associated with the analytical techniques available 
to accurately assess these micropollutants in solution at very low concentrations. Such 
difficulties are circumvented by treatment of these micropollutants in solution through a proper 
CLEAs-based membrane bioreactor without need to exaggerate the concentration levels.
2.8 Potential for membrane bioreactors to effectively eliminate micropollutants in wastewater
As most of the ECs found in waters and wastewaters are in the order of ng/L to pg/L, this 
concentration scale leads to an ineffective removal of these pollutants from conventional 
treatment systems (flocculation/coagulation, sedimentation, filtration) [7] in contrast with 
membrane filtration. Indeed, it is reported that as water contaminated with micropollutants 
passes through membrane filters a fine layer of micro-particles accumulates at the interface 
between the membrane and the solution as a result of the clogging process. A phenomenon due 
to the colloidal, organic, biological, metal oxide, etc. fouling that leads to a higher concentration 
of the solution with these micropollutants in that region effecting their mass transfer coefficients 
[157] which become comparable to those of particles with higher sizes and are retained [158, 
169, 172]. It is therefore envisionable, on the one hand, that an enzyme-based membrane 
bioreactor would provide the advantage of an apparent high concentration at the membrane- 
solution interface that would enhance the kinetic of the micropollutants elimination. The high 
concentration of the micropollutants created at that interface will result in an improvement of 
their physico-chemical removal that normally would not occur in a classical reactor. On the other 
hand, a large surface area contact between the immobilized enzyme membrane and the 
contaminated solution for the catalysis of the targeted contaminants can be achieved.
There are many examples of membrane-based bioreactors used in the biotransformation of 
various compounds. Sorgedrager and coworkers were able to biotransform 75-85% of penicillin 
G to 6-amino penicillanic acid with CLEAs of penicillin amidase in continuous mode [159]. 
They found that this CLEAs-based bioreactor combines the advantages of high rates of reaction 
(negligible diffusion limitations) and easy separation of the CLEAs (retained by the membranes) 
from the substrate and the end-products. Likewise, a biotransformation of micropolluants in 
aqueous solution as targets of insoluble enzymes can be reasonably envisioned in such type of 
reactors. MicroChannel reactors (microreactors) have been designed with a-chymotrypsin-based
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CLEAs [152] and acylase-based CLEAs [160] immobilized on the surface of the inner wall of 
polytetrafluoroethylene (PTFE) tubing to form a water-insoluble enzyme-membrane used in 
hydrolysis reactions. Such microreactors provide rapid heat and mass transfer, and large 
surface/interface area [160] favorable to catalytic reactions [161] and therefore can be effective 
for biotransformations. Large surface area to volume ratio of membrane reactors is an important 
feature of the catalytic process as it enables long contact times of reactants with the enzymes. 
Bioreactors in which Candida rugosa lipase CLEAs were formed inside both microporous 
hydrophilic cellulose and hydrophobic PTFE membranes were also used to bio-convert 
respectively 42% and 35% of oleic acid to butyl oleate [162]. Similarly, lipase has been 
entrapped in the porous structure of hollow-fiber membranes for large scale conversion of 
methyl ester of 4-methoxy-3-phenylglycidic acid to diltiazem, a drug used in the treatment of 
hypertension and angina [163].
Application of CLEAs in membrane reactors provides the possibility to use membranes with 
large pore sizes and thus minimizing biofouling and rapid clogging of the membrane, which are 
two major drawbacks for membrane reactors when using smaller size free enzymes [23]. The use 
of CLEAs also favors the recovery of the biocatalyst and leads to a longer lifetime of the reactor, 
whence the economical benefits. Although there is no report of laccase-/laccases CLEAs-based 
bioreactor to our knowledge, from the examples of applications reported above it becomes 
obvious that the use of enzyme including laccase CLEAs-based membrane bioreactor for the 
biotransformation of micropollutant of emerging concern in wastewater is a promising route to 
take. Ultimately, when using CLEAs/combi-CLEAs for the enzyme-catalyzed transformation of 
contaminants in solution, these novel biocatalysts can provide higher performance by increasing 
their stabilization using a surface coating polymer engineered structures.
2.9 Enzyme Polymer Engineered Structures (EPES)
As previously reported, the formation of laccase-based CLEAs significantly increases the 
stability against harsh conditions such as elevated temperature and the presence of organic, 
inorganic or biological denaturants in solution [19, 137, 164, 165]. Even if insolubilized as 
crosslinked enzyme aggregates, enzymes generally present higher stability than their free 
counterparts (from 1-10 fold, depending on the denaturing conditions used), the economic
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viability of enzymatic bioprocesses requires a drastic improvement of CLEAs stability. This can 
be achieved by a reengineering of the surface of the enzymes present in CLEAs referred to 
enzyme polymer engineered structures (EPESs). Essentially, this approach is based on the 
conjugation of the enzymes with a polymer through the formation of covalent bounds between 
non-essential AA residues present at the surface of the CLEAs and the selected polymer. The 
resulting network should significantly increase the stability of the resulting biocatalysts [66, 67, 
69, 166, 167]. This stabilization effect is due to the multipoint attachment of the enzyme and the 
presence of the polymeric network which enhances the tridimensional conformational stability of 
enzymes. Also, according to several studies, the protecting network did not induce steric 
hindrance which could reduce the mass-transfer of the substrate [68, 69, 167]. It appears that the 
network surrounding the enzyme is sufficiently porous and thick to allow the migration of the 
substrates into the enzyme’s active site.
To date, this approach has been used only for the modification of free enzymes. However, data 
from studies in our laboratory (under review for publication) have shown the potential for this 
approach to significantly increase the stability of free laccase- and laccase CLEA-based. Several 
strategies have been proposed for the formation of protecting layers surrounding the enzymes. 
Essentially, they involved 1) a conjugation step where the selected polymer is bound to the 
targeted amino acid(s) at the surface of the enzyme and 2) a maturation step (Figure 2.6).
MaturationConjugation 
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Figure 2.6 Schematic representation of the formation of a stabilizing network surrounding free 
enzymes (adapted from [68]).
Hegedus and coworkers and Kim and Grace [66, 68] prepared single enzyme nanoparticles 
(SENs) with proteolytic enzymes. They used a three-step procedure involving the anchoring of a 
vinyl group at the surface of the enzyme, the addition of a silane monomer and the orthogonal 
polymerization of this monomer under UV radiation [168]. The resulting SENs have shown a
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half-life of more than 140 days compared to 12 hours for their free counterparts [66]. 
Additionally, [69, 166] have stabilized carbonic anhydrase (CA) through the formation of a 
chitosan/3-amino propyltriethoxysilane hybrid polymer. The resulted CA-SENs remained stable 
for more than 100 days at either -20, 4 or 20 °C. In another study, [167] have developed a simple 
approach for the formation of a dendritic polyester-based network surrounding horseradish 
peroxidase (HRP). The formed dendrozymes present small changes in the protein two- and three 
dimensional conformation, which result in a reengineered biocatalyst with catalytic properties 
similar to free enzyme used. In addition, these novel biocatalysts showed significant stability 
increase against thermal and chemical denaturation compared to their free counterparts. HRP 
dendrozymes maintained more than 75% of their initial activity after 90-min incubation at 65 °C 
and 15-min incubation in organic solvent containing solutions (10 % v/v) at pH 7.2 and 40°C 
while the free HRP have lost 90-100% of their initial activity under the same denaturing 
conditions.
These previous work have shown the beneficial effect of polymeric modification of different free 
enzymes. After the bioconjugation of these proteins with various (macro)molecules, their 
potential for the development of bioprocesses has been significantly increased because of the 
drastic improvements of their stability against operational conditions without altering their 
kinetic behavior. The techniques of EPESs initially developed for free enzymes appear suitable 
for the development of a new generation of crosslinked enzyme aggregates with enhanced 
properties relevant for micropollutants elimination in wastewater.
2.10 Conclusion
The technique of laccase insolubilization has great application potential in the field of 
wastewater bioremediation targeting large array of contaminants. Indeed, the chemical 
composition and structural arrangement of the enzyme favoring its simple oxidation capability 
with non-specific substrate has promoted its use for the elimination of numerous wastewater 
pollutants in several experiments as described above. An understanding of the chemical 
properties of proteins and crosslinking agents as well as their subsequent interactions translates 
to the ability to synthesize novel biocatalysts in CLEAs/combi-CLEAs and EPESs of higher 
characteristics indispensable for their large scale applications. These novel biocatalysts have
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been shown to possess biotransformation capability with respect to several compounds when 
used in suitable designs of bioreactors. Likewise, we are confident that insoluble laccases in the 
form of combi-CLEAs and EPESs have great potential to bioconvert contaminants of health and 
environmental concerns such as emerging contaminants in wastewaters into innocuous products. 
Finally, it is possible that an enzyme-based membrane bioreactor would provide an incomparable 
advantage in biotransformation of emerging contaminants in wastewater. New direction may be 
to develop combi-CLEAs and EPESs and an enzyme-based membrane bioreactor to be used for 
the elimination of emerging contaminants in wastewater.
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CHAPITRE 3 : LACCASES INSOLUBILISEES SOUS FORME DE COMBINAISON 
D’AGREGATS D’ENZYMES RETICULES : CARACTERISATION ET APPLICATION 
POTENTIELLE DANS LE TRAITEMENT DES EAUX USEES
LACCASE INSOLUBILIZED AS COMBINATION OF CROSSLINKED ENZYME 
AGGREGATES: CHARACTERIZATION AND POTENTIAL APPLICATION IN 
WASTEWATER TREATMENT
3.1 Avant-propos
Ce chapitre a prealablement ete publie en 2012 dans Journal o f  Enzyme Research sous la 
reference:
SidyBa1, Antoine Mialon2, J. Peter Jones1, Hubert Cabana3’4
departm ent o f  Chemical Engineering, Universite de Sherbrooke, 2500 boul. Universite, 
Sherbrooke, Quebec, J IK  2R1, Canada.
2MetGen Oy, Itainen Pitkakatu 4B, 20520 Turku, Finland.
3Department o f  Civil Engineering, Universite de Sherbrooke, 2500 boul. Universite, Sherbrooke, 
Quebec, J IK  2R1, Canada.
4Centre de Recherche Clinique Etienne-Lebel, Centre Hospitalier Universitaire de Sherbrooke, 
3001 12e avenue Nord, Sherbrooke, Quebec, J1H 5N4, Canada.
Etat de Pacceptation : public sous ISSN: 0976-7657 & E-ISSN: 0976-7665, Volume 3, Issue 1, 
pp.-23-28.
Contribution au document
Cet article permet de mettre en evidence la faisabilite de combiner deux laccases de 
caracteristiques differentes sous forme d’agr£gats d’enzymes reticules (combi-CLEA) avec une 
gamme de pH plus large que chacune des deux enzymes individuellement ainsi que la possibility 
de l’appliquer a l’eau usee ce combi-CLEA.
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3.2 Resume/Abstract
3.2.1 Resume
Les laccases (EC 1.10.3.2) sont des enzymes multi-cuivres capables d’oxyder un grand nombre 
de contaminants organiques dans les eaux usees et les sols. Dans cette etude, deux laccases 
commerciales, Trametes versicolor (TvL) and MetZyme (MZL), avec des pH optima a 4 et 8, 
respectivement, ont ete insolubilisees sous forme de combine d’agregats d’enzymes reticules 
(combi-CLEA) actif aussi bien en pH acide qu’alcalin. Les temperatures optima ont ete trouvees 
a 40 °C pour la TvL et a 50 °C pour la MZL et le combi-CLEA. Aussi, le combi-CLEA a exhib6 
une stabilite thermique substantielle superieure a celle des deux laccases libres. Les laccases 
insolubilisees ont garde des activites residuelles significatives contre les effets de sechage et de 
stockage a long-terme. Appliques a des echantillons d’eau usee d’usine de pate et papier, la DCO 
totale a ete reduite de 70% par le combi-CLEA et 50% par le MZL libre (qui est actif dans la 
meme gamme de pH couvrant celui de l’eau usee). La recyclabilite du combi-CLEA a aussi 6ti 
mise en evidence par son activite residuelle apres deux cycles d’utilisation dans le traitement des 
echantillons de l’eau usee.
Mots-cI6s : laccases, combination of cross-linked enzyme aggregates, wastewater treatment.
3.2.2 Abstract
Laccases (EC 1.10.3.2) are multicopper enzymes capable of oxidizing a large number of organic 
contaminants in wastewater and soil. In this study, two commercial laccases, Trametes versicolor 
(TvL) and MetZyme (MZL), with pH optima at 4 and 8, respectively, were insolubilized as a 
combination of cross-linked enzymes aggregates (combi-CLEA) which was active in both acidic 
and alkaline pHs. The temperature optima were found to be 40 °C for free TvL and 50 °C for 
both free MZL and combi-CLEA. Moreover, the combi-CLEA exhibited substantial thermal 
stability greater than those for the free laccases. The insoluble laccases also kept significant 
residual activity against both long-term storage and drying effects. When applied to samples of 
wastewater from pulp and paper mill, 70% of total COD were reduced by the combi-CLEA and 
50% of total COD were reduced by the free MZL (active in the pH range of the wastewater). The 
combi-CLEA was also proven to be recyclable as evidenced by the remaining activity of the 
biocatalyst after two rounds of application to the treatment of wastewater samples.
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3.3 Introduction
Pulp and paper (P&P) mills are known to generate large volumes of wastewater containing 
significant amounts of pollutants including phenolic compounds. These pollutants are known or 
suspected to have endocrine disrupting properties and their continued presence in the 
environment pose health and environmental effects and risks [169, 170]. Endocrine disrupting 
compounds (EDCs) have several sources of entry in the environment but are found to be mainly 
from sewers and wastewater plants systems [2, 10]. This indicates that the conventional 
wastewater treatments such as biological activated sludge systems are inefficient in eliminating 
these EDCs. This fact could partly be attributed to the low concentration (ng/L to pg/L) of the 
EDCs in the influent [156].
Beside the conventional treatment systems, several other processes have been investigated for 
the treatment of these micropollutants in wastewater. For instance, advanced chemical oxidation, 
activated carbon adsorption, and membrane filtration have been used for the (bio)transformation 
or the removal of some EDCs. The results are very variable ranging from high to poor 
efficiencies [156]. Moreover, these treatment methods are often expensive for continuous 
applications (e.g. activated carbon and membrane filtration) [171, 172] or generate by-products 
that are equally or more toxic than the original compounds [173, 174]. Due to these 
disadvantages inter alia, enzymes have been investigated as alternative to the physicochemical 
and biological treatment processes for EDCs elimination in wastewater [99-101]. However, as 
free enzymes are currently not economically viable for large scale use in solution, several 
immobilization and insolubilization techniques have been developed to circumvent this fact. One 
of the most effective techniques is found to be the simple/combination of cross-linked enzyme 
aggregates (CLEAs/combi-CLEA) in which the synthesized biocatalyst has enhanced 
characteristics (activity, stability, etc.) in addition to their economical and environmental 
potential benefits such as fewer unit operations, less reactor volume, higher volumetric and 
space-time yields, shorter cycle times, and less waste generation [53].
Although several enzymes have been used to synthesize combi-CLEA for biotechnological [24, 
25] and bioremediation [23] applications, to our knowledge there is no laccase-based combi-
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CLEA formed to date. Yet, the use of laccase is very promising for bioremediation purposes 
because of the nature of its specificity. Indeed, laccases (Lac, E.C. 1.10.3.2) are phenol oxidases 
able to catalyze the oxidation of a large number of phenolic compounds by simply requiring 
bimolecular oxygen with concomitant formation of water as by-product and a reactive free 
radical that can polymerize to a lesser toxic compound than the native contaminant [96].
In this study, fungal laccase from the white rot fungus Trametes versicolor with acidic optimum 
pH and bacterial laccase from MetGen, Oy (Finland) with alkaline optimum pH were 
synthesized as combi-CLEA using chitosan activated by N-(3- dimethylaminopropyl)- 
N'ethylcarbodiimide hydrochloride as the crosslinker. The combi-CLEA was characterized and 
applied to actual wastewater from P&P mill for the removal of chemical oxygen demand (COD) 
in order to evaluate their potential use in wastewater treatment as a preliminary step to the 
removal of phenolic compounds in municipal and industrial wastewaters for subsequent 
experiments.
3.4 Experimental
3.4.1 Enzymes and reagents
T. versicolor laccase (TvL) was purchased from Sigma-Aldrich (St-Louis, MO) and MetZyme 
laccase (MZL) was provided by MetGen Oy (Turku, Finland). Chitosan from crab shells (65% 
deacetylation and molecular weight of 750 kDa), N-(3- dimethylaminopropyl)- 
N'ethylcarbodiimide hydrochloride (EDAC), 2,2'- azino-bis(3-ethylbenzothiazoline-6-sulphonic 
acid) (ABTS), and 2,6 di-methoxyphenol (DMP) were purchased from Sigma Aldrich. All other 
chemicals used were of analytical grade.
3.4.2 Enzyme Assay
The activities of the enzymes were determined by monitoring the oxidation of ABTS for TvL 
and the oxidation of DMP for MZL. The reaction mixture contained 0.5 mM ABTS or 0.5 mM 
DMP, 0.1 M potassium hydrogen phthalate (PHP)-HCl buffer for pH 4 or 0.1 M Tris buffer for 
pH 8, and a suitable amount of enzyme. Oxidation of substrates was monitored spectrometrically 
by absorbance of ABTS at 420 nm (e=36000 M '1cm'1) for TvL and of DMP at 477 nm (e=14800
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M '1cm'1) for MZL [175]. Enzyme activity is expressed in units (U) defined as the amount of 
enzyme required to oxidize 1 pM of substrate (ABTS or DMP) per min.
3.4.3 Preparation of Combi-CLEA and its Yield Estimation
Free MZL (63.5 U/L) and TvL (28311.7 U/L) were combined to a total activity of 1 U/mL and 
insolubilized as combi-CLEA by precipitating the free enzymes on ammonium sulfate (500 g/L) 
for 30 min before addition of solutions of chitosan (1 g/L) and EDAC (50 mM) adapted from 
Arsenault et al. [137]. Acetate buffer at pH 5 completed the total solution to the desired volume 
(100 mL). Solution was stored at 4 °C for 48 h to allow complete crosslinking reaction followed 
by combi-CLEA extraction by centrifugation at 10 OOOg for 5 min and 4°C as conceptually 
presented in Figure 3.1. The aliquots were then washed 3 times with deionized water and 
subsequently used for experiment. Combi-CLEA activity was assayed in the same manner as the 
free enzymes as described above.
chitosan
For 30 min at 20 ° C For 48 h at 4 ° C
(NH^SO.,
EDAC Combi-CLEAs TvL+MZL
Figure 3.1 Preparation of insoluble combi-CLEAs.
The yield of the combi-CLEA was estimated based on the activity balance of the amounts of free 
laccase used and Combi-CLEA produced according to the following equation:
, N Total Unit o f  insoluble laccase producedY (o/o) = ___________-_________________   ^  100
Total Unit o f free  laccases used
Parallel to combi-CLEA formation, CLEA were formed with each of the two individual laccases 
in order to be able to draw adequate conclusions.
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3.4.4 Effect of pH and Temperature on Enzyme Activity
The effect of pH on enzyme activity was determined in the range of 3-9 at room temperature 
(RT). In the range of 3-4, 0.1 M PHP-HC1 buffer, in the range of 5-6, 0.1 M PHP-NaOH buffer, 
and in the range of 7-9, 0.1 Tris-HCl buffer were used. The optimum temperatures of free and 
insolubilized laccases were determined by measuring the activities of the biocatalysts in the 
temperature range of 20-70 °C at optimum pH.
The thermal stability study was carried out by incubating samples of the biocatalysts in a 
thermostatic bath (Isotemp 2100 water bath, Fisher Scientific) over a period of 75 h. Each 
biocatalyst was incubated at its optimum temperature (40 °C for free TvL and 50 °C for both free 
MZL and combi-CLEA).
The results of activity for pH and temperature studies were expressed in relative form with the 
highest value being assigned 100% activity for pH and temperature optima and initial 
measurement assigned 100% activity for thermal stability.
3.4.5 Long-Term Storage and Drying Effects on the CLEAs and combi-CLEA Activity
The biocatalysts were monitored for residual activity after 10 months of storage at 4 °C in 
deionized water. Drying effect was performed on the residual activity of samples of each 
biocatalyst by reacting 100 pi of biocatalyst and substrates (ABTS and DMP) in Eppendorf tube 
and spun solution pipetted on a 96-well plate.
3.4.6 Application of the Biocatalyst to Wastewater Treatment
Samples of wastewater (WW) from a typical thermo-mechanical P&P mill were used for COD 
test with the biocatalysts as assessment for their applicability in wastewater treatment. Hundred 
microliters (100 pi) of TvL-CLEA (484.2 U/L), MZL-CLEA (39.8 U/L), combi-CLEA (777.1 
U/L with ABTS and 55.0 U/L with DMP), and free MZL, respectively, were applied on 4.4 mL 
of WW samples of initially measured chemical oxygen demand (COD). First, each mixture of 
biocatalyst and wastewater was spun at 20 °C for 5 min at 5000 rpm. Subsequently, 2 mL of the 
supernatant was taken from each sample and the total COD monitored. Next, 2 mL of MiliQ 
water is added to each sample and continued agitation for 24 h before measuring the total COD.
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The results presented are those of total COD remaining taking into account the total COD 
induced by the biocatalysts.
However, it is noteworthy that the effect of the biocatalysts on the COD reduction should be 
discriminated given the different activity content in 100 pi of each of the biocatalyst. In fact, the 
test aimed at providing an indication of the capability of each biocatalyst to reduce the COD 
content in the WW rather than to compare the efficacy between the biocatalysts to do so.
Additionnally, the continued recyclability of the combi-CLEA was qualitatively checked for 
residual actvity by adding 100 pL of ABTS to the mixtures of biocatalysts and WW.
3.5 Results and Discussion
3.5.1 Production of combi-CLEA and Yield
TvL and MZL were successfully crosslinked to insoluble biocatalyst via the use of chitosan, a 
hydrophilic biodegradable and renewable biopolymer, and EDAC. The combi-CLEAs generated 
have specific activities of 67.8 U/g and 4.8 U/g using ABTS and DMP, respectively (Table 1).
Table 3.1 Apparent activity of laccase and yield of combi-CLEA produced in function of ABTS 
and DMP.
Substrate Activity of combi-CLEA 
U/g
Yield, %
ABTS, pH 4 67.8 23.3
DMP, pH 8 4.8 115.6
These results are similar to specific activities of CLEAs produced with laccase from the white- 
rot fungus Coriolopsis Polyzona using chitosan and EDAC as crosslinker [137] although the 4.8 
U/g is lower than the minimum (14.7 U/g) found by these authors. The conditions of 
insolubilization gave rise to highly substrate-dependent yields. While the yield with ABTS 
resulted to 23%, that of DMP was found to be 115% (Table 1). This latter value should be taken 
cautiously given the fact that the activity contribution from MZL much lower than the TvL (i.e. a 
ratio of 1:70 activity). Otherwise, it may also be assumed that the covalent binding of MZL to 
chitosan results in hyperactivation of this laccase activity similarly to result found by Cabana and 
coworkers [138] in which conjugation of laccase from the white rot fungus T. versicolor to
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chitosan resulted in biocatalysts with hyperactivated laccase. In this case, further investigation is 
needed to determine what would prevent the TvL from being hyperactivated by the chitosan 
unlike the MZL.
3.5.2 Effect of pH on Activity of the Biocatalysts
The effect of pH on activity of free and insolubilized laccases is given in Figure 3.2. The pH 
optimum of free TvL was found at 4.0 (most of the activity is between pH 3-5) and was shifted 
to pH 5 after insolubilization as combi-CLEA using ABTS as substrate. A fact attributed to the 
secondary interactions between the enzyme and the crosslinking reagents as all the available 
amino groups on the surface of the enzyme used. Therefore, the acidic groups remaining on the 
surface of the enzyme renders it negatively charged, which shifts the optimum pH to the alkaline 
side [61]. The optimum pH for free MZL was found at pH 8. Unlike the free TvL, no shift was 
noticed towards higher alkaline side as a consequence of the insolubilized MZL as combi-CLEA 
when using DMP as substrate. This may be due to the much lower activity level of the MZL 
compare to the TvL in the mixture of the two laccases during insolubilization unless this shift 
occurred to a fraction of the pH scale (i.e. less than 1) between pH 8 and 9. In fact, a peak 
activity at pH 5, essentially due to the TvL, is still detected for the combi-CLEA with DMP. 
However, it is noteworthy that despite this low activity ratio of the MZL in the combi-CLEA 
activity balance, about 10% activity is detected at pH 8 for combi-CLEA with DMP entirely due 
to the MZL as zero TvL activity is detected at pH 7 and beyond. Therefore, it is in our belief that 
laccase-based combi-CLEA with a broader pH range can be synthesized should we combine 
alkaline and acidic laccases with more or less even activity ratio in the mixture. Having laccase- 
based combi-CLEA active in both acidic and alkaline pH range would increase the versatility of 
the biocatalyst in the application of wastewaters from various sources (municipal, industrial, etc.) 
with different characteristics.
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Figure 3.2 Effect of the pH on the activity of the biocatalysts at 20 °C. The results are means of 
triplicates ± standard deviation.
3.5.3 Effect of Temperature on Enzyme Activity
The activity of soluble enzyme is known to be strongly dependent on temperature. As 
temperature increases, the activity increases to its optimum before starting to decrease due to the 
thermal denaturation of the free enzyme as a result of configuration distorsion or damage by heat 
exchange which appears to be preventable by insolubilization [61]. From Figure 3.3, the activity 
of the free TvL when oxidizing ABTS gradually increased from 20 °C to its optimum at 40 °C 
(100 % relative activity) before steeply decreasing (50 % activity at 60 °C to less than 20 % at 70 
°C). The combi-CLEA exhibited a slightly different trend when oxidizing ABTS as the activity 
remains nearly constant from 20 °C before peaking at 50 °C instead of 40 °C. The shift of the 
optimum temperature to a higher value could originate from the rigidification of the enzyme 
tertiary structure. This is also promoted by the multipoint covalent crosslinking of the enzyme 
surface residues to reduce conformation change, and so increasing the optimum temperature
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o Combi-CLEAs ABTS 
▼ Free MZL 
V Combi-CLEAs DMP
i
l
[52]. On the other hand, both free MZL and combi-CLEA oxidizing DMP exhibited their 
temperature optima at 50 °C with a significant higher activity for the latter over the former in the 
temperature range of 20-70 °C. At the extremes of this temperature range, the activities of free 
MZL and combi-CLEAs are about 20% and 70% at 20 °C, respectively and about 40% and 50% 
at 70 °C, respectively. Thus, an improvement of thermal activity due to the insolubilization of 
the MZL can be concluded although the trend of the combi-CLEA with DMP as susbtrate is 
similar to that of the curve of the free TvL which, however, expresses poor activity with DMP 
(more suitable for alkaline enzyme). Also, beyond the optimum temperature (50 °C), the combi- 
CLEA with DMP exhibited activity greater than both those of the free TvL and MZL.
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Figure 3.3 Temperature optima for biocatalysts at pH 4 (free TvL and combi-CLEAs ABTS) and 
pH 8 (free MZL and combi-CLEAs DMP). The results are means of triplicates ± standard 
deviation.
The thermal stability curves for free and insolubilized laccases are given in Figure 3.4. Both free 
TvL and combi-CLEA using ABTS as substrate exhibited rapid decrease in their activities with
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about 70% and more than 80% loss after 57 h of incubation at their temperature optima, 
respectively. Also there is a very good overlap of the curves of both biocatalysts which 
surprisingly imply that the insolubilization did not improve the thermal stability of the free TvL. 
This finding is in contradiction with results found in the literature for other insolubilized 
enzymes as combi-CLEA or CLEA [21, 24, 61]. In contrast, the free MZL and the combi-CLEA 
using DMP as substrate showed high thermal stability over the course of 75 h of incubation time. 
Indeed, during the first 20 h of incubation time, the free MZL exhibited a spike in its relative 
activity up to 150% before subsequently decreasing and remaining stable between 80-75%. The 
combi-CLEA showed an even better stability as its relative activity remained stable at around 
100% over the course of the whole incubation time after a small spike to 112% during the first 4 
h followed by a decrease down to 90% before the stable increase. Although part of this stability 
can be attributed to the MZL (not to the TvL), it clearly appears that the insolubilization had a 
positive effect on the thermal stability. Indeed, while the free MZL had decreasing activity 
between 20-75 h (20 to 25 % activity decrease) the combi-CLEA activity increased by 1 to 5 % 
over the same period of time. This increased thermal stability may due to both the rigidification 
of the three-dimensional structure of the insoluble molecules, as explained earlier, and some 
addtional ionic and hydrophobic intermolecular contacts of the combi-CLEA [61].
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Figure 3.4 Thermal stability for the biocatalysts at pH 4 (free TvL and combi-CLEAs ABTS), 
pH 8 (free MZL and combi-CLEAs DMP), 40 °C (free TvL) and 50 °C (free MZL, 
combi-CLEAs ABTS and combi-CLEAs DMP). The results are means of triplicates ± 
standard deviation.
3.5.4 Long-Term Storage and Drying Effects on the Combi-CLEA Activity
Samples of each of the biocatalysts, TvL-CLEA, MZL-CLEA and combi-CLEA were stored in 
50 mL centrifuge tubes at 4 °C and used when needed. After ten months of storage, both the 
CLEA and combi-CLEA kept residual activity to be tested for drying effect Figure 3.5. CLEA 
and combi-CLEA were small particles in liquid and when dried by evaporation for 3 days at 
room temperature they formed flakes which were subsequently crushed to powder, homogenized 
in deionized water and shaken. The results of activity measurements before and after drying are 
presented in Figure 3.5a and 3.5b. The drying appears to have greater effect on the combi-CLEA 
and TvL-CLEA (57% and 62% of activity reduction) than the MZL-CLEA (only 14 % of 
activity reduction) when using ABTS as substrate Figure 3.5a. These results should however be
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taken with caution given that the MZL, a more alkaline bacterial laccase, does not meaningfully 
oxidize ABTS for its optimum activity expression.
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Figure 3.5 Effect of drying on activities of insoluble laccases using ABTS (a) and DMP (b) as 
substrates. The results are means of triplicates ± standard deviation.
On the other hand, after drying and using DMP as substrate, the residual activities for MZL- 
CLEA and combi-CLEA resulted in 31% and 22% loss, respectively. This indicates that the 
biocatalysts were not significantly affected by the drying effect, perhaps due to the thermal 
stability of the MZL and the rigidification of the three-dimensional structure of the protein. Such 
result is somewhat coherent with the results of the thermal stability study where the free and
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insoluble MZL showed good thermal stability and positive correlation Figure 3.3. In the case of 
the TvL-CLEA, an 18% increase of the residual activity was observed. But, this small jump in 
the activity may simply be due to either the poor affinity of the DMP with the acidic biocatalyst 
or an error of measurement because of the low residual activity before drying.
The ability to withstand long-term storage and drying effects of the insolubilized biocatalysts 
provide promising properties for their commercial use.
3.5.6 Treatment of P&P Mill Effluent Using Insolubilized Laccase
The addition of free and insolubilized laccases in samples of wastewater from P&P produced 
distinct results. After 5 min of agitation, a spike of COD was observed in wastewater treated with 
free laccase whereas a reduction of COD content in wastewater treated with insolubilized 
laccases was found Figure 3.6.
■  After 5 min ■  After 2 4  h
m 120 n 
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o
Figure 3.6 Percentage of total COD content observed at two time points of application of 
biocatalysts in P&P wastewater at 20 °C and pH 7.
Also, this COD reduction (40 %) was higher for combi-CLEA than for TvL- CLEA (27 %) and 
MZL-CLEA (5 %). However, after 24 h of treatment, both free and insolubilized laccases 
significantly reduced COD content in the wastewater (combi-CLEA and CLEA reduced 70-75 % 
COD, free laccase reduced 50 % COD). These results may indicate that the insolubilized
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enzymes are potentially more efficient in wastewater treatment than their free counterparts 
without concealing the fact that the free enzyme, CLEA and combi-CLEA have different activity 
per 100 pL. Moreover, after 48 h and two rounds of wastewater treatment (results for round-2 
COD reduction not shown), there still was residual enzymatic activity in the insolubilized 
laccases qualitatively expressed by the green-colored samples resulting from oxidation of ABTS 
with the CLEA and combi-CLEAs (Figure 3.7). The remainder of residual activity suggests that 
the synthesized CLEA and combi-CLEA could possibly be reused for additional treatment cycles 
of wastewater. In this case, the insoluble biocatalysts are thus recyclable in contrast with the free 
enzyme which required additional fresh free MZL for each treatment cycle. This is because the 
free enzyme lacks stability in solution and is not recoverable. Indeed, previous studies have 
already shown high loss of activity and difficult recovery of free enzymes as limiting factors to 
their operational stability and reusability in contrast with immobilized or insolubilized enzymes 
[44, 45]. The darker green-color observed for the TvL-CLEA and combi-CLEA samples in the 
Figure 3.7 is mainly due to the fact that the samples of these two biocatalysts have higher 
activities of laccase with the ABTS that is more favorable for the TvL than the MZL.
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Figure 3.7 Evidence of remaining enzymatic activity in biocatalysts after 2 rounds of waste water 
treatment using ABTS as substrate.
3.6 Conclusions
Fungal laccase with acidic pH and bacterial laccase with alkaline pH were successfully 
insolublized as combi-CLEA which turned out to be active in both pHs range. The combi-CLEA 
exhibited considerable thermal stability in more than three days of incubation at its optimum 
temperature which could be an important property for application in some continuous treatment 
processes. The biocatalyst also adequately withstood the effects of long-term storage and drying 
which are important factors for its use in large-scale. Furthermore, the combi-CLEA proved to be 
able to remove COD from wastewater. Finally, these preliminary results demonstrated promising
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outcome toward the formation of combi-CLEA which can be optimized to produce a robust 
biocatalyst applicable in the biotransformation of phenolic compounds in wastewater.
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CHAPITRE 4 : PROPRIETES ET POTENTIELLE D’INSOLUBILISATION DE LA 
TYROSINASE POUR LA TRANSFORMATION DE COMPOSES PHENOLIQUES 
DANS LE TRAITEMENT DES EAUX USEES
PROPERTIES AND INSOLUBILIZATION POTENTIAL OF TYROSINASE FOR THE 
TRANSFORMATION OF PHENOLIC COMPOUNDS IN WASTEWATER TREATMENT
4.1 Avant-propos
Ce chapitre presente certaines caracteristiques pertinentes a l’utilisation de la tyrosinase comme 
biocatalyseur pour T elimination des composes phenoliques dans le traitement des eaux usees. La 
tyrosinase a ete choisie en remplacement de la laccase bacterienne metzyme (MZL) active aux 
pH alcalins compte tenu de la faible activite de cette demiere observee dans la formation de 
combinaison d’agregats d’enzymes reticules avec la laccase de T. versicolor dont les resultats 
sont au chapitre 3.
Contribution au document
Les informations contenues dans ce chapitre viennent en complement a celles de la laccase dans 
le chapitre 2; ces deux enzymes etant combinees en agregats d’enzymes reticules au chapitre 5.
4.2 Resume/Abstract
4.2.1 Resume
Les caracteristiques moleculaires et catalytiques de tyrosinases provenant de bacteries, 
champignons et plantes qui sont les plus utilisees dans les etudes d’elimination de polluants 
phenoliques dans les eaux usees sont presentees. Ces tyrosinases resultent generalement de 
l’association de sous-unites monomeriques avec des masses moleculaires de 14 a plus de 70 kDa. 
Leurs structures moleculaires sont reparties en trois differents domaines. Le domaine 2 comporte 
les atomes de cuivre CuA et CuB qui sont coordonnes par trois histidines chacun et constituent le 
site actif de 1’ enzyme. Chacun des trois domaines comporte une grande quantite de residus 
d’acides amines disponibles pour etre reticules pour la plus part. Aussi, les tyrosinases exhibent 
leur pH optimum pres de ou a 7. Les tyrosinases ont fait l’objet de plusieurs etudes pour 
l’eiimination de composes phenoliques et aromatiques dans des solutions d’eaux usees. Plus
recemment, le biocatalyseur a ete insolubilise sous forme d’agregats d’enzyme reticulds et 
pourrait davantage etre investigue pour la transformation efficiente de leurs substrats 
contaminants dans le traitement des eaux usees.
4.2.2 Abstract
Molecular and catalytic characteristics of tyrosinases pertaining to bacteria, fungi and plants that 
are the most used in the elimination of phenolic pollutants in wastewater treatment studies are 
presented. These tyrosinases result mostly from the association of monomeric subunits with 
molecular masses of 14 to over 70 kDa. Their molecular structures are organized in three 
different domains. The domain 2 embeds the copper atoms CuA and CuB coordinated with three 
histidines each and constitute the active site of the enzyme. Each of the three domains bears high 
quantity of amino acids residues that are available for crosslinking for the most. Moreover, 
tyrosinases exhibit their optimum pH near or at 7. Tyrosinases have been subject of several 
studies for the removal of phenolic and aromatic compounds in wastewater solutions. Lately, the 
biocatalyst has been insolubilized as crosslinked enzyme aggregates and is expected to be further 
investigated for efficient transformation of their substrates contaminants in wastewater treatment.
4.3 Introduction
Tyrosinases (EC 1.14.18.1, monophenol, o-diphenol:oxygen oxidoreductases) are ubiquitous 
enzymes in nature as they are known to originate from bacteria, fungi, plants, mammals, etc. 
Along with laccase (EC 1.10.3.2, p-diphenol:dioxygen oxidoreductase), tyrosinase is one of the 
subgroups of phenoloxidases. Both tyrosinase and laccase are copper-containing enzymes 
requiring readily available O2 without auxiliary cofactor for their catalytic transformation of 
numerous substrates. These two phenoloxidases differ essentially by their oxidation mechanism 
of phenolics. While laccases oxidation of phenolics generates phenoxy radicals, tyrosinase 
oxidation of phenolics rather generate quinones with subsequent release of H2O as the case with 
the former catalytic reaction as well [17]. Both biocatalysts have been subjects of extensive 
studies due to their application potential in various field of biotechnology such as food additives, 
drug synthesis, biosensors development, and bioremediation [51].
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Unlike for laccase, much research has yet to be conducted equivalently to the enormous potential 
use of tyrosinase in the treatment of wastewater with regard to micropollutant phenolic 
compounds such as petroleum by-products, pharmaceuticals, personal care products, etc. known 
to have adverse environmental effects. A fact indicating that the potential of tyrosinase 
application in the environmental field remains somewhat overlooked. This may be attributed to 
economical and technical factors. Indeed, the production of tyrosinase remains difficult due to 
the association of the enzyme with numerous proteases and other polyphenol oxidases such as 
peroxidase and laccase in the crude extracts [104, 176]. Consequently, the production of large 
quantity of purified tyrosinase that is commercially viable becomes cost-prohibitive. This is 
justified by the limited and expensive available tyrosinase for even laboratory-based research. 
Most publications in the literature on the application of the enzyme in bioremediation are based 
on tyrosinase secreted by Agaricus feisporus [12]. Technical factors limiting the potential use of 
tyrosinase in wastewater treatment for micropollutants are inherent to the general characteristics 
of free enzymes, i.e. low stability and lack of reusability largely discussed elsewhere (Ba et al., 
2013 in press).
In spite of these limitations, substantial efforts are underway to produce considerable amount of 
and efficient tyrosinase including bacterial overexpression of the enzyme [176] which in fine 
should yield to commercial availability and accessibility of the biocatalyst. Moreover, there is an 
increasing interest toward the use of tyrosinases in the field of wastewater treatment that has led 
to innovative strategies to overcome the technical difficulties associated with their applications in 
operational process [177]. The most novel techniques developed to this end are through 
insolubilization of enzymes as crosslinked enzyme aggregates (CLEA) or combination of 
crosslinked multi-enzymes aggregates (combi-CLEA). This variant of insolubilization consists of 
cross-coupling residues of the amino acids that are not tied up in the polypeptide backbone of the 
enzymes with the use of crosslinking reagent. In the light of this, insolubilization of tyrosinase 
for its use in the treatment of phenolic micropollutants in wastewaters requires a clear 
understanding of the surface properties of its amino acids and its molecular features involved in 
its catalytic mechanism.
In this section, the molecular structure and amino acid residues relevant to crosslinking of 
tyrosinase and its catalytic mechanism pertaining to phenolic compounds transformation are
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presented. An up to date examples of CLEA- and combi-CLEA-based tyrosinase and its 
application in wastewater treatment was provided and can serve as basis of a discussion of the 
potential and perspective of the enzyme in the application of phenolic micropollutants 
transformation in wastewaters.
4.4 Molecular and catalytic properties relevant to insolubilization of the enzyme
Molecular and catalytic properties of tyrosinases have already been subject of several published 
reviews so that the aim of this section is to briefly summarize those specific features of the 
enzyme relevant to the crosslinking techniques.
4.4.1 Molecular properties
Tyrosinases (Tyr) are copper-containing enzymes with two copper atoms conventionally 
designated CuA and CuB. Although known to be widely present in nearly all ranks of livings, 
most of the extensively studied strains of Tyr with respect to biotechnological applications 
originate widely from the taxa of bacteria, fungi and plants from which we possess insight of the 
molecular characteristics [104, 178]. Tyr are generally found in oligomeric forms resulting from 
the association of monomeric subunits with MW varying from as low as 14 kDa in species with 
short sequence such as bacteria [179] to more than 70 kDa in other sources [180]. This large 
variation in the subunits MW is not exclusive to different species and is well-known to 
commonly occur within the same species as well. For instance, in a study of the quaternary 
structure of native Agaricus bispora tyrosinases, the predominant form of the enzymes in 
solution with 120 kDa was found to be formed with polypeptide chains of 14 kDa and 44 kDa 
(i.e. light and heavy MW, respectively) [82]. These authors attributed this variation in the 
subunits MW of the enzyme to the distribution of their number of copper atoms within the types 
of polypeptide chains forming the protein. More broadly, these variations in the subunits of 
tyrosinases are also effected in their amino acid residues composition. Similarly to other type 3 
copper proteins, Tyr monomers are organized in two to three domains with different 
conformations [181]. The central domain bears the most prominent features being the active sites 
consisting of CuA and CuB, each coordinated by three histidines residues; the C-terminal or 
transmembrane domain; and the N-terminal domain or signalpeptides and transitpeptides.
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Each of the three domains embeds various numbers of amino acids adding up to a total of 272 to 
706 [182]. These quantities of amino acids of Tyr should be considered as indicative as they may 
significantly vary from species to species and even within the same species of different strains. 
The amino acids comprise residues of cysteine, phenylalanine, arginine, etc. in addition to the 
histidines residues. Most of these residues are available in enzymatic protein-protein crosslinking 
[104],
Other important properties of Tyr are the isoelectric point (pi) varying from pi 4.65-11.9 in 
bacteria [178]. The pi values found in the literature are generally within this range. Also, it was 
reported that the lower-pl tyrosinases were glycosylated whereas the higher-pl tyrosinases were 
not [104]. The pH optima reported for Tyr were mostly found near to or at the neutral values of 
5-7. This is an important characteristic as it provides additional advantage to form mutli-enzyme 
crosslinked aggregates with laccase (generally found to be active in acidic pH) for the synthesis 
of a biocatalyst with expanded pH spectrum.
4.4.2 Catalytic properties and reaction mechanism
The catalytic mechanism of Tyr has systematically been defined in the literature as a two-step 
successive reaction of initial hydroxylation of monophenol substrates to its corresponding ortho­
diphenols followed by the oxidation of the latter to ortho-quinones using O2 in both steps (Figure 
4.1). Subsequent release of H2O terminates the enzymatic oxidation step with further 
spontaneous polymerization of the o-quinones to macromolecular melanin formation [183].
'<2 Oj 1/2 Oj HjO
^  -------> Polymerization
R R R
Monophenol Diphenol O-quinone
Figure 4. 1 Admitted catalytic reaction of Tyr with monophenol and o-diphenol to o-quinone 
formation (adapted from [182])
Although this catalytic mechanism appears to have unanimity, a recent study of Tyr 
transformation of acetaminophen as model monophenolic substrate has deviated from the general
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consensual trend (Ba et al., in press). Indeed, the catalysis resulted to the formation of 
acetaminophen o-quinone as intermediate and a 3-hydroxyacetaminophen (a diphenol) as final 
catalytic product (Figure A.5). This is somewhat not surprising given that the enzyme can occur 
in various forms. In fact, the three coppers in the active site of Tyr may exist in three states. The 
deoxy (Cu’-C u1), oxy (Cu^-C^-Cu11) and met (Cun-C uH) states [184] which define the catalytic 
cycle of the enzyme and its reaction mechanism with substrates as illustrated for fungal Tyr in 
Figure 4.2. Regardless of its catalytic pathways, Tyr is fairly nonspecific and catalyzes the 
transformation of many phenolic and non-phenolic aromatic substrates [185]. This characteristic 
makes Tyr appealing for its use in the elimination of many micropollutants of emerging concerns 
in wastewater treatment. Indeed, several micropollutants including phenols, p-chlorophenol and 
bisphenol A have been reported to be removed from wastewaters by either free or insolubilized 
Tyr [11, 186],
HO OH
♦ h2o
OH
2H
OH
Figure 4. 2 Catalytic cycle for fungal tyrosinase with monophenol (M) and diphenol (D) 
substrates resulting to quinone formation (from [187]).
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4.5 Potential for phenolic compounds transformation in wastewaters
The increasing presence of phenolic and aromatic compounds and their byproducts in
environmental matrices including wastewaters from various sources such as pulp & papers 
factories, mining industries, pharmaceutical and personal care products, etc. pose significant 
health and environmental concerns. From the numerous conventional methods (advanced 
oxidation, adsorption onto activated carbon, etc.) applied in the treatment of wastewaters for 
instance, most of them are found to work cost-effectively only at high concentrations of the 
aforementioned contaminants [12]. Therefore, there is a need for auxiliary treatment process to 
deal with these micropollutants. Tyrosinase-based enzymatic process has been proven to possess 
such potential as many phenolic and aromatic compounds including chlorophenols,
fluorophenols, alkyl-phenols, azo dyes, etc. are reported to be highly removed from waters [188]. 
One of the major advantages of Tyr in bioremediation of phenolics is not only it requirement of 
just molecular oxygen without need of supplemental co-substrate for its catalysis but also the 
non-enzymatic polymerization of its final oxidation step. The polymerization of the byproducts 
generates insoluble macromolecules that can be fairly easily removed by filtration or 
precipitation [189]. It is however unclear, and not reported, what would be the fate of non- 
phenolic aromatic compound with regard to polymerization. Yet, it is well-known that the use of 
free enzyme in solution for the treatment of contaminants does not effectively allow the
separation of the biocatalyst from the solution mixture [19]. Such characteristic leads to several
implications (discussed in section 2.7 of chapter 2) limiting the potential of the application of 
free Tyr in wastewater treatment whence the recourse to immobilization and insolubilization 
techniques [120, 186]. The latter technique stands out as the most desirable for application 
purpose as it involves negligible mass of non-catalytic product after crosslinking. And the high 
presence of amino acids residues in Tyr makes the enzymes good candidates for insolubilization alone or 
in combination with other enzymes such as laccase when considered for the application in wastewater 
treatment.
4.6 Conclusions
Similar to laccase, tyrosinase is a phenoloxidase that can catalyze the oxidation numerous 
phenolic and aromatic compounds without the need of additional substrate beside the readily 
available molecular oxygen. Tyr is also composed of high quantity of amino acid residues
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available for crosslinking making the enzyme suitable for insolubilization for its use in 
wastewater treatment.
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CHAPITRE 5 : SYNTHESE ET CARACTERISATION DE COMBINES D’AGREGATS 
RETICULES DE LACCASE ET TYROSINASE ELIMINANT L ’ACETAMINOPHENE 
COMME MODELE DE COMPOSE PHENOLIQUE DANS DES EAUX USEES
SYNTHESIS AND CHARACTERIZATION OF COMBINED CROSS-LINKED LACCASE 
AND TYROSINASE AGGREGATES TRANSFORMING ACETAMINOPHEN AS A MODEL 
PHENOLIC COMPOUND IN WASTEWATERS
5.1 Avant-propos
Ce chapitre a ete publie dans la revue Science o f  the Total Environment sous la reference:
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3001, 12s Avenue Nord, Sherbrooke, Quebec J1K 2R1, Canada.
Date d ’acception : 2 octobre 2013
Etat de l’acceptation : article en presse
Contribution au document
Cet article prouve la faisabilite de former un biocatalyseur multi-enzymatique de laccase et de 
tyrosinase et son potentiel a eliminer l’acetaminophene pris comme module de compost 
pharmaceutique phenolique des eaux usees.
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5.2 Resume/Abstract
5.2.1 Resume
Les Laccases (EC 1.10.3.2) and les tyrosinases (EC 1.14.18.1) sont des enzymes omnipresentes 
dans la nature provenant des bacteries, champignons, plantes, etc. Ces deux enzymes sont des 
phenoloxidases contenant du cuivre et ne requierent que 1’0 2  sans cofacteur additionnel pour 
leurs transformations catalytiques de nombreux substrats phenoliques. Dans la presente etude, de 
la laccase et de la tyrosinase ont ete insolubilisees sous forme de combinaison d’agregats 
reticules d’enzymes (combi-CLEA) avec le chitosane, un polymere biodegradable et 
renouvelable, comme reticulant. Le combi-CLEA, avec une activite specifique de 12.3 U/g pour 
la laccase et de 167.4 U/g pour la tyrosinase, a exhibe une grande activite enzymatique aux pH 5- 
8 et temperatures 5-30 °C, une resistance significative a la denaturation et aucune limitation de 
diffusion de substrat a son site actif eu egard aux parametres cinetiques de Michaelis-Menten. 
Subsequemment, le combi-CLEA a ete applique a la transformation de l'acetaminoph^ne comme 
modele de compose phenolique dans des echantillons d’eaux usees reelles afin d’evaluer 
l’efficacite du biocatalyseur. En mode cuvee, le combi-CLEA a transforme plus de 80% a pres 
de 100% l’acetaminophene dans l’eau usee municipale et a plus de 90 % dans l’eau us6e 
hospitaliere. L’analyse a l’UPLC-MS des metabolites de l’acetaminophene a montre la formation 
de ses oligomeres sous formes de dimeres, trimeres et tetrameres du a la laccase et de 3- 
hydroxyacetaminophen du a la tyrosinase.
Mots-cl6s: Laccase; Tyrosinase; Combi-CLEA; Characterization; Acetaminophen; Wastewaters.
5.2.2 Abstract
Laccases (EC 1.10.3.2) and tyrosinases (EC 1.14.18.1) are ubiquitous enzymes present in nature 
as they are known to originate from bacteria, fungi, plants, etc. Both laccase and tyrosinase are 
copper-containing phenoloxidases requiring readily available O2 without auxiliary cofactor for 
their catalytic transformation of numerous phenolic substrates. In the present study, laccase and 
tyrosinase have been insolubilized as combined crosslinked enzyme aggregates (combi-CLEA) 
using chitosan, a renewable and biodegradable polymer, as crosslinker. The combi-CLEA, with 
specific activity of 12.3 U/g for laccase and 167.4 U/g for tyrosinase, exhibited high enzymatic 
activity at pH 5-8 and temperature at 5-30 °C, significant resistance to denaturation and no 
diffusional restriction to its active site based upon the Michaelis-Menten kinetic parameters. 
Subsequently, the combi-CLEA was applied to the transformation of acetaminophen as a model 
phenolic compound in samples of real wastewaters in order to evaluate the potential efficiency of 
the biocatalyst. In batch mode the combi-CLEA transformed more than 80% to nearly 100% of 
acetaminophen from the municipal wastewater and more than 90 % from the hospital 
wastewater. UPLCMS analysis of acetaminophen metabolites showed the formation of its 
oligomers as dimers, trimers and tetramers due to the laccase and 3-hydroxyacetaminophen due 
to the tyrosinase.
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5.3 Introduction
Laccase (EC 1.10.3.2) and tyrosinase (EC 1.14.18.1), two oxidoreductases widely distributed in 
plants, fungi, and other organisms, have been proven to enzymatically oxidize phenolic and non- 
phenolic aromatic compounds [51]. Both laccase and tyrosinase are non-substrate specific 
copper-containing phenoloxidases requiring readily available dioxygen as sole cofactor for the 
catalytic oxidation of phenolic substrates. Their oxidation reaction leads to a release of water as 
by-product and free reactive phenoxy radicals (for laccase) or quinones (for tyrosinase) [190] 
that subsequently polymerize and precipitate thus becoming easier to separate from the reaction 
solution. Moreover, the polymerization causes the inactivation of the reactive phenol or quinone 
functional groups to prevent them from reacting with living cells for instance. However, when 
applied in their free form for the treatment of contaminants present in solution, enzymes in 
general face major operational shortcomings such as rapid denaturation, lack of reusability, and 
requirement of large quantities which will impact the overall cost of their use [19, 151]. 
Insolubilization of enzymes as combined or simple crosslinked enzyme aggregates (combi- 
/CLEA) is of one the most effective techniques used to circumvent these drawbacks [23, 
53][182, 193][182, 193][23, 191]. The technique consists of covalently binding the free enzymes 
between themselves with the aid of a crosslinking reagent (glutaraldehyde in most cases) to yield 
a stable and reusable biocatalyst. Lately, many enzymes have been insolubilized through this 
technique [192]. Yet, in the environmental field much investigation still remains to be performed 
for the use of combi-/CLEA to eliminate increasingly present micropollutants in wastewaters. As 
numerous of these micropollutants are aromatic or phenolic pharmaceuticals, they are oxidizable 
by either or both laccase and tyrosinase.
It is recognized that the most prevalent pharmaceuticals in wastewaters are molecules of drugs 
most frequently prescribed or purchased over-the-counter [193] including acetaminophen, an 
active agent used in the formulation of hundreds of medicines. Acetaminophen is a phenolic 
compound known under different brand names used worldwide as minor pain and fever reducer. 
Acetaminophen has widely been detected in wastewaters (one of its main sources of discharge)
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where it can surpass 150 pg/L [193]. Although complete removal of acetaminophen from sewage 
treatment plants (STP) has been found in some studies [194], there are several reported 
concentrations of this contaminant in both surface waters and outflows of STP in the range of 
243 to 338 ng/L [195], and in the intake of raw surface water and groundwater used for public 
drinking water supply at 163 ng/L to 1.89 pg/L [196, 197]. Acetaminophen is an active chemical 
among the many pharmaceuticals whose immediate effects could escape detection if they are 
subtle [10]. Also, it was suggested that for pharmaceuticals with molecules designed to be 
biologically active, it cannot be excluded that they affect sensitive aquatic organisms even at 
concentrations in the order of ng/L to pg/L [198]. The continuous discharge of acetaminophen 
and its by-products to water bodies, where they can interact with aquatic organisms, deserves 
particular investigation on the basis of precautionary principle for effective treatment of this 
phenolic compound.
To our knowledge, no previous work has been published on the removal of acetaminophen from 
real wastewaters using combi-CLEA of laccase and tyrosinase. However, the removal of other 
non-pharmaceutical phenolics, (bisphenol A and nonylphenol) in solution using combi-CLEA of 
versatile peroxidase and glucose oxidase was reported recently [23]. The objective of this work 
was to, first, insolubilize fungal laccase (active in acidic pH) and mushroom tyrosinase (active in 
neutral to alkaline pH) as combi-CLEA to form a stable biocatalyst with an expanded oxidative 
pH spectrum. A coupling of chitosan with 7/-(3-dimethylaminopropyl)-jV'-ethylcarbodiimide 
hydrochloride (EDAC) was used as crosslinking agent due to the remarkable affinity of chitosan 
to proteins and to its biodegradability to innocuous products [135]. The second objective-was to 
characterize the combi-CLEA (pH, temperature, kinetics, stability). Finally, the biocatalyst was 
partially tested for the transformation of acetaminophen as a model phenolic compound in 
samples of wastewaters followed by an identification of the possible transformed products 
(metabolites). This final step of the study was aimed at presenting a proof of concept of the 
potential applicability of the combi-CLEAs to the treatment of real wastewaters.
58
5.4 Materials and Methods
5.4.1 Materials
Trametes versicolor laccase (TvL) with a specific activity of 22.4 U/mg-solid, mushroom 
tyrosinase (Tyr) with a specific activity of 3610 U/mg-solid, chitosan from crab shells (65% 
deacetylation and molecular weight of 750 kDa), 7V-(3-dimethylaminopropyl)-Ar'- 
ethylcarbodiimide hydrochloride (EDAC), 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 
(ABTS), 3,4-dihydroxy-L-phenylalanine (L-DOPA) and acetaminophen (>99.0% purity) were 
purchased from Sigma-Aldrich Corporation (Saint-Louis, MO, USA). All other chemicals were 
of analytical grade.
5.4.2 Preparation of Combi-CLEA and its Yield Estimation
Combination of 0.3 U of free TvL and 0.7 U of free Tyr was dissolved in deionized water to a 
total activity of 1 U/mL according to a proven procedure of previous work in our laboratory 
[137, 199].
The yield of the combi-CLEA was estimated based on the activity balance of the amounts of free 
laccase and tyrosinase used and combi-CLEA produced according to the following equation:
Total Unit o f  combi -  CLEA produced 
^ ^ Total Unit o f  free  TvL and Tyr used *
5.4.3 Enzyme activity assays
The activity measurements of free enzymes and combi-CLEA were conducted by measuring the 
initial reaction rate of substrate oxidation with a double-beam UV-Vis spectrophotometer 
(SpectraMax Plus 384, Molecular Devices Corporation, Sunnyvale, CA). Laccase activity was 
determined by monitoring the oxidation of 1 mM ABTS [59]. Tyrosinase activity was 
determined by monitoring the oxidation of 5 mM L-DOPA [200]. Both substrates were mixed 
with 0.1 M citrate-phosphate pHs 3-6, 0.1 M sodium-phosphate pHs 7-8 and 0.1 M boric acid- 
hydroxide pH 9 buffers for activity measurement. One unit (U) of activity is defined as the 
amount of enzyme (TvL or Tyr) that catalyzes the conversion of substrate (ABTS or L-DOPA)
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into colored products (green for ABTS'+ or orange for dopachrome) causing an increase in 
absorbance at a rate of 1 pmol per min.
Throughout the paper, combi-CLEA-Lac refers to the combi-CLEA due to its laccase content 
and combi-CLEA-Tyr refers to the combi-CLEA due to its tyrosinase content.
5.4.4 Determination of pH and temperature optima
To determine the optimum pH of the free and insolubilized enzymes, their activities were 
measured in the pH range 3-9 at 20 °C following the activity assay described above. The effect 
of temperature on the biocatalysts was determined by measuring their activities in the 
temperature range 5-60 °C at pH 4 or 7 using ABTS or L-DOPA, respectively. The results for 
optimum temperature and pH were given in relative form with the highest value being 100% 
activity.
5.4.5 Determination of kinetic parameters
Kinetic assays for the free enzymes and combi-CLEA were carried out at 20 °C and pH optimum 
for each biocatalyst by measuring the appearance of the product in the reaction medium 
(substrate, buffer, and biocatalyst). The concentrations of substrates were varied in the range 
0.05-1 mM in pH 4 buffer for ABTS and in the range 0.05-10 mM in pH 7 buffer for L-DOPA. 
The kinetic parameters were determined by nonlinear regression of reaction rate vs substrate 
concentrations according to the Michaelis-Menten relationships using SigmaPlot 12 (Systat 
Software Inc., San Jose, CA).
5.4.6 Stability of combi-CLEA against denaturation
The thermal stability study was carried out by incubating samples of the biocatalysts in a 
thermostatic bath (Isotemp 2100 water bath, Thermo Fisher Scientific) at 40 °C and their 
activities were measured periodically following the activity assay. The results were expressed in 
relative form with the initial measurement assigned 100% activity.
The stability of free enzymes and combi-CLEA against denaturation was tested in the presence 
of deactivating reagents CaCU, CuCL, ZnCL, NaN3, ethylenediaminetetraacetic acid (EDTA), 
sodium dodecyl sulfate (SDS) and hydrophilic organic solvents acetone, acetonitrile, dimethyl
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sulfoxide (DMSO), and methanol. All these chemicals are known to either denature proteins or 
inhibit metalloenzymes by binding the copper ions at their active site [19, 177, 201]. Activity of 
250 U/L of each biocatalyst was incubated for 1 h in solution of every denaturant and deionized 
water (used as control) and assayed at 20 °C and optimum pH of the biocatalyst for residual 
activity. The results for stability were given in residual form with the value in deionized water 
being 100% activity.
5.4.7 Transformation of acetaminophen in wastewaters
The potential for the combi-CLEA in treating wastewaters was evaluated by its application to 
samples of municipal wastewaters (MWW1 and MWW2, pH 7.3) and hospital wastewater 
(HWW, pH 7.7). Samples of Milli-Q ultrapure water (mLQW) (18.2 MQ cm at 25 °C, TOC < 10 
ppb) were used for comparison purposes. Control tests were run in parallel to the transformation 
of acetaminophen in every aqueous solution (milli-Q water, municipal wastewater, and hospital 
wastewater) without addition of any biocatalyst. Subsequent identification of the transformation 
products was performed. More details about the characteristics of the wastewaters and the 
analytical method are provided in the Supplementary data Information (Annexe 1).
5.5 Results and Discussions
5.5.1 Insolubilization of Tyr and TvL and yield of combi-CLEA
Laccase and tyrosinase were successfully insolubilized as combination of crosslinked enzyme 
aggregates. Results in Table 5.1 indicate specific activities of 12.3 U/g and 167.4 U/g of TvL and 
Tyr present in the combi-CLEA, respectively. These specific activities of the two enzymes 
correspond to activity yields of 10% and 61.8%, respectively, estimated from activity balance 
and subtracting the loss of activity in the supernatant. These specific activities and yields are 
similar to results reported elsewhere for CLEA preparation with various enzymes using the most 
common crosslinker, glutaraldehyde [19,21,202]. They are also consistent with results found by 
Arsenault et al. [137] who used chitosan and ED AC as crosslinker to produce Coriolopsis 
polyzona laccase-based CLEA as well. Consequently, the use of the hydrophilic biopolymer, 
chitosan, did not significantly reduce the crosslinking efficiency of the laccase and tyrosinase in 
the form of combi-CLEA.
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Table 5.1 Specific activity and activity yield of combi-CLEA
Biocatalyst Substrate Specific activity Yield
(U/g) (%)
Combi-CLEA-Lac ABTS 12.3 10.6
Combi-CLEA-Tyr L-DOPA 167.4 61.8
5.5.2 Effect of pH on activities of biocatalysts
The activity profiles as function of pH of the biocatalysts are given in Figure 5.1. The pH optima 
for free TvL and Tyr are found at 4 and 7, respectively while their combi-CLEA counterparts are 
found at pH 5 and pH 8, respectively. The relative activity of combi-CLEA-Lac decreased from 
nearly 80% at pH 3 to 50% at pH 4 then peaked to 100% at pH 5 before steeply decreasing to 
20% and less in the pHs range 6-7. Such ups and downs trends of pH profile for insolubilized 
TvL using chitosan as crosslinker have been reported and are believed to be associated with a 
change in the microenvironment surrounding the laccase as a result of its aggregation and 
conjugation with the chitosan [203]. The relative activity profile of combi-CLEA-Tyr increased 
steadily from 10% at pH 4 to its optimum 100% at pH 8 followed by a steep decrease to 11% at 
pH 9. Overall, the pH profiles of the combi-CLEA (combi-CLEA-Lac and combi-CLEA-Tyr) 
were broader than those of the individual free enzymes as a consequence of the association of the 
two enzymes and the shift of their pH optima toward the more alkaline side. Such shifts in the 
pH of enzymes after immobilization/insolubilization have been widely reported and were 
ascribed to the change in both the conformation of the enzyme induced by the covalent bonding 
and to the microenvironment upon immobilization/insolubilization [61, 203, 204]. The 
insolubilized enzymes exhibited high relative activity between their individual enzymes pH 
optima. This latter aspect of the result is very important for the application of the combi-CLEA 
given that the pH range 5-8 encompasses the pH values of most wastewaters and natural waters. 
The tyrosinase content within the combi-CLEA exhibited its high activity near neutral to alkaline 
pH favorable to the pH values of wastewaters. Although, most of the laccase activity within the 
combi-CLEA is at the lower pH values (i.e., pHs 3-6), it is well-established that the enzyme is 
still able to significantly transform contaminants in acidic pH solution. Indeed, in pH 5 aqueous
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solutions contaminated with triclosan, nonylphenol and bisphenol A, laccase from C. polyzona 
achieved 65%, 95% and 100% removals of these three contaminants, respectively [43].
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Figure 5.1 Activity profile as function of pH for free and insoluble TvL, and free and insoluble 
Tyr at 20 °C. Each datum point represents the mean of triplicate values ± std dev.
5.5.3 Effect of temperature on activities of biocatalysts
The results for temperature effect on the biocatalysts are provided in Figures 5.2-3. As given in 
Figure 5.2, optimum temperature was found at 40 °C for combi-CLEA-Lac and 50 °C for free 
TvL. Both biocatalysts activities increased proportionally with temperature to reach their 
optimum before steeply decreasing to 60 °C in the case of the combi-CLEA-Lac while the 
decrease for the free TvL was less pronounced. This trend is similar to that found by D’Annibale 
et al. [50] for free laccase and its counterpart immobilized on chitosan with the exception that the 
later displayed higher optimum temperature than the former.
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Figure 5.2 Activity profile as function of temperature for free and insoluble TvL in 0.1 citrate- 
phosphate buffer pH 4. Each datum point represents the mean of triplicate values ± std 
dev.
On the other hand, Figure 5.3 shows optimum temperature at 20 °C for combi-CLEA-Tyr which 
is considerably lower than the 40 °C found for free Tyr. Yet, the shift of relative activity for 
immobilized tyrosinase to lower temperature (30°C) versus its free counterpart (40 °C) has been 
reported [205]. Similarly to both free and insoluble laccases, relative activity of free Tyr 
progressively increased with temperature to its maximum before decreasing. In contrast, the 
activity of combi-CLEA-Tyr slightly increased between 5 and 20 °C followed by a steady 
decrease as temperature increases before stabilizing between 40 and 60 °C. Overall, the 
insolubilization had a positive temperature effect on both TvL and Tyr considering the high 
relative activities (40% to higher) found for combi-CLEA in the temperature range 5-30 °C.
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Figure 5.3 Activity profile as function of temperature for free and insoluble Tyr in sodium- 
phosphate buffer pH 7 (b). Each datum point represents the mean of triplicate values ± 
std dev.
5.5.4 Michaelis-Menten kinetic parameters of biocatalysts
Calculations of Michaelis-Menten constants for combi-CLEA relatively to the free enzymes are 
provided in Table 5.2. No difference was found between the Km values of free Tyr and combi- 
CLEA-Tyr (1.556 ± 0.037 mM and 1.558 ± 0.126 mM, respectively). This result indicates that 
diffusion limitation of substrate to the combi-CLEA-Tyr did not occur as a result of 
insolubilization unlike other immobilization techniques where conformation change of the 
immobilized enzyme induced steric hindrance or alterations of the enzyme active site resulting in 
an increase of the KM value [45]. In comparison with free TvL, a higher affinity of combi- 
CLEA-Lac was found for ABTS as indicated by a decrease in the Km value (0.052 ± 0.008 mM 
and 0.036 ± 0.002 mM, respectively). It may imply that interaction between enzyme and 
substrate may have been strengthened by a suitable orientation of the enzyme active site toward
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the substrate [61]. Lower Km values for combi-CLEA/ CLEA compared to their free enzyme 
counterparts had been reported [23, 24, 120]. The turnover numbers Kcat for the biocatalysts 
showed better results for both combi-CLEA-Tyr and combi-CLEA-Lac compared to their free 
enzyme counterparts (1.161 ± 0.078 U/L.pM vs 0.869 ± 0.075 U/L.pM for tyrosinase and 9.514 
± 0.929 U/L.pM vs 4.965 ± 1.117 U/L.pM for laccase). Likewise, the catalytic efficiencies 
Kcat/KM were higher for the combi-CLEA than the free enzymes (0.075 U/L.pM2 vs 0.056 
U/L.pM2 for tyrosinase and 0.268 U/L.pM2 vs 0.099 U/L.pM2 and for laccase). These results are 
in agreement with those reported in the literature for catalytic enhancement of insolubilized 
laccase through higher values of Kcat and Kcat/KM [19,120,203].
Table 5.2 Michaelis-Menten kinetic parameters of biocatalyst for the oxidation of L-DOPA (free 
Tyr and combi-CLEA) at pH 7, 20 °C and ABTS (free TvL and combi-CLEA) at pH 4, 
20 °Ca
Biocatalyst
Km
mM
Kcat
U/L.pM
Kcat/KM
U/L.pM2
R2
Free Tyr 1.556 ±0.037 0.869 ± 0.075 0.056 0.968
Combi-CLEA-Tyr 1.558 ±0.126 1.161 ±0.078 0.075 0.998
Free TvL 0.052 ± 0.008 4.965 ± 1.117 0.099 0.839
Combi-CLEA-Lac 0.036 ± 0.002 9.514 ±0.929 0.268 0.899
“Values represent the mean of triplicate measurements ± standard deviation
5.5.5 Thermal and chemical stabilities of biocatalysts
The results of thermal and chemical stabilities of the biocatalyst are presented in Figures 5.4-6. 
Results for thermal stability (Figure 5.4) showed an initial surge of the biocatalysts residual 
activities after 8 h of incubation, except for combi-CLEA-Lac, followed by a steady decrease of 
the residual activities. Both insolubilized enzymes showed better thermal stability than their free 
enzyme counterparts over the course of the incubation period. The residual activity of free TvL 
was less than 5% at the end of the incubation period while that of the combi-CLEA-Lac 
remained significantly high at slightly more than 40%. Likewise, at the same incubation period 
while the free Tyr exhibited nearly no residual activity, that of the combi-CLEA-Tyr was about 
25%. The insolubilization had a positive effect on the enzymes with regard to thermal stability as
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reported in several other studies [24, 137, 199]. Enhancement of thermal stability of enzymes 
through immobilization/insolubilization has been associated with the rigidification of the tertiary 
structure of the enzyme molecules due to multipoint attachment by covalent bonds between 
enzyme molecules to reduce its conformational change inducing inactivation [52].
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Figure 5.4 Effect of temperature on free and insoluble TvL and Tyr at their optimum pHs and 20 
°C. Each datum bar represents the mean of triplicate values ± std dev.
Figure 5.5 provides residual activities of free enzymes and combi-CLEA exposed to high 
concentrations (50 mM) of halide salts (CaCb, CuCl2, ZnCh) and anionic surfactant (SDS), 
significant concentrations of sodium azide (0.5 mM NaN3), and chelator (0.5 mM EDTA). In all 
cases, with exception for SDS, combi-CLEA withstood denaturation better than the free enzymes 
with some minor discrepancies from one compound to another. With the three halide salts, 
combi-CLEA exhibited residual activity of 80-103% except with CuCL at pH 7 where that value 
still remained high at 71%. In contrast, the residual activities for free TvL and Tyr varied 
between 23% and 65% in all the salts excluding free Tyr with ZnCh where it unexpectedly
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peaked at 92%. The results for EDTA showed 83% and 100% residual activities for combi- 
CLEA-Tyr and combi-CLEA-Lac, respectively, compared to only 23% and 35% for free Tyr and 
TvL, respectively. These results for combi-CLEA are in agreement with results for tyrosinase 
CLEA and laccase CLEA found to retain more than 80% residual activity in both low (150 pM) 
and high (150 mM) concentrations of EDTA [19, 177]. The results for NaN3 contrast small 
activation of free and insolubilized tyrosinase (109 and 113% residual activity, respectively) with 
considerable inhibition of insolubilized laccase (37% residual activity) to nearly complete 
inhibition for free TvL (only 1% residual activity). The results for Tyr are somewhat consistent 
with results reported [177] where both free and Tyr CLEA kept about 70% residual activity in 
0.5 mM NaN3; but in contradiction with results where free Tyr was completely inactivated 
though in much higher concentration of 10 mM NaN3 [201]. Likewise, the results for free and 
insolubilized laccase are in accordance with those reported elsewhere [19] 
[206][33][33][32]where free laccase was completely inactivated whereas the CLEA had residual 
activity of 40-50% in 150 pM NaN3. Results with SDS showed complete inactivation of both free 
and insolubilized tyrosinase most probably due to the high concentration of the inhibitor. 
Surprisingly, both free and insolubilized laccase exhibited high resistance to inhibition (8 6 % and 
74% residual activity, respectively) by SDS despite its high concentration. Indeed, it has been 
demonstrated that the enzyme active site is not affected by low concentration (<1 mM) of SDS 
and would rather undergo activation [207] up to an optimum micellar concentration of SDS after 
which only the biocatalyst is inactivated as the concentration increases [208].
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Figure 5.5 Effect of denaturing ionic compounds on free and insoluble TvL and Tyr at their 
optimum pHs and 20 °C. Each datum bar represents the mean of triplicate values ± std 
dev.
The effect of hydrophilic miscible organic solvents known to affect enzymes is presented in 
Figure 5.6. Combi-CLEA-Tyr appears to greatly resist inhibition against all four solvents with 
marginal activation with acetonitrile, DMSO, and methanol whereas the free Tyr was 
meaningfully inactivated (25 to 45 activity reduction) with as much as 89% activity reduction in 
the case of acetonitrile. The results for free and insoluble laccase exposition to the solvents do 
not follow the consistent trend seen for tyrosinase. The residual activities for the free laccase 
were lower than those for their combi-CLEA counterpart for acetonitrile (33% vs 63%) and 
DMSO (79% vs 97%). Conversely, residual activities for the free laccase were higher than those 
for their combi-CLEA counterpart in the presence of acetone (82% vs 47%) and methanol (92% 
vs 70%). In all cases the combi-CLEA residual activities were significantly higher despite the
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high concentrations (50% v/v) of the solvents compared to results reported under similar 
conditions [177].
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Figure 5.6 Effect of solvents on free and insoluble TvL and Tyr at their optimum pHs and 20 °C.
Each datum bar represents the mean of triplicate values ± std dev.
The combi-CLEA displayed considerable denaturation-resistance to temperature and various 
inhibitors compared to the free enzymes, demonstrating the stabilization effect of the 
insolubilization. It could be due to some sort of conformation strengthening and access limitation 
of denaturing molecules to the biocatalyst active site as a consequence of the rigidification or to 
steric hindrance of the enzymes-chitosan molecular structures composite resulting from 
aggregation and crosslinking. Although it is unlikely to find these inhibitors in wastewaters at the 
high concentrations tested in this study, it was still relevant in our viewpoint to have an insight of 
the behavior of the combi-CLEA when exposed to harsh aqueous conditions for application 
purposes.
70
5.5.6 Acetaminophen transformation with biocatalysts
Results of acetaminophen transformation by the biocatalysts are shown in Figures 5.7-9. Figure
5.7 shows that the application of combi-CLEA reduced acetaminophen content in mLQW and 
MWW1 from 100 pg/L to 0.99 pg/L and from 177.4 pg/L to 30.5 pg/L after 8 h, respectively. 
This corresponds roughly to about 99% and 80% transformations. However, results from the 
control test also showed reduction of acetaminophen content in the MWW1 from 177.4 pg/L to
144.4 pg/L more likely due to other phenomena (cross-coupling reactions, microbial 
biodegradation, photocatalysis, etc.) rather than the biocatalyst effect only. Nonetheless, the main 
reduction of acetaminophen is attributed to the combi-CLEA which demonstrated, as hoped, the 
efficacy of the biocatalyst for transforming acetaminophen from the wastewater.
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Figure 5.7 Removals of acetaminophen from mLQW and MWW1 combi-CLEA of TvL and Tyr 
in batch mode and agitation at 20 °C. Each datum point represents the mean of duplicate 
values ± std dev. Control designates experiment without biocatalyst.
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Results from Figure 5.8 showed that acetaminophen was reduced from the MWW2 from the 
initial concentration of 157.5 pg/L to the final concentrations of 0.45 pg/L, 0.35 pg/L, 37.6 pg/L 
and 33.3 pg/L by free Tyr, combi-CLEA-Tyr, free TvL and combi-CLEA-Lac, respectively. The 
effect of free Tyr and combi-CLEA-Tyr showed nearly 100% reductions for both biocatalysts 
after 2 h and 4 h of application and agitation with the MWW2, respectively. The application 
effect of free TvL and combi-CLEA-Lac to the wastewater with pHs adjusted from 7.3 down to 
4 showed about 80% reductions of acetaminophen similar to the transformation efficiency seen 
earlier for MWW1. The control test accounted for about 14% of the transformation not 
pertaining to the biocatalysts.
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Figure 5.8 Removals of acetaminophen from MWW2 with free and insoluble TvL and free and 
insoluble Tyr in batch mode and agitation at 20 °C. Each datum point represents the 
mean of duplicate values ± std dev. Control designates experiment without biocatalyst.
Because both the MWW1 and MWW2 were spiked with 100 pg/L whereas the UPLC analyses 
showed 177.4 pg/L and 157.5 pg/L at initial time reaction, the difference between these
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concentrations and the added concentration is due to initial presence of acetaminophen in the 
wastewaters more or less the uncertainty of the analytical method provided in the section 1 of SI. 
These concentrations differences of 57.5 pg/L and 77.4 pg/L are similar to acetaminophen 
concentrations (25-36 pg/L) found from several STP throughout Quebec (the location of the 
wastewaters origin) using LC-MS/MS [6 ].
The final experiment carried out with HWW in which neither spiking of acetaminophen nor pH 
adjustment was performed showed that the wastewater contained 90.2 pg/L of acetaminophen. 
Application of biocatalysts exhibited transformation rates of acetaminophen of about 93% for 
combi-CLEA and 99% for free Tyr and TvL (Figure 5.9). The control test with no biocatalyst 
exhibited considerable reduction (from 90.2 pg/L to 46.5 pg/L) of acetaminophen from the 
HWW. It could be assumed that acetaminophen was transformed as a result of its cross-coupling 
with dissolved natural organic matter (NOM) present in the HWW as demonstrated elsewhere 
[209] or by the degradation of biomass present in the samples.
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Figure 5.9 Removals of acetaminophen from HWW with free and insoluble TvL and free and 
insoluble Tyr in batch mode and agitation at 20 °C. Each datum point represents the 
mean of duplicate values ± std dev. Control designates experiment without biocatalyst.
In all figures, the transformation rates of acetaminophen were rapid in the first 2 to 4 h of 
application followed by a markedly lower rate probably due to accumulation of the initial 
aromatic by-products generated in the mixture leading to a partial inhibition of the enzymatic 
activity [50]. After 8 h of treatment, the transformation efficiency of acetaminophen with combi- 
CLEA from MWW2 when the pH was kept unchanged at 7.3 (favoring tyrosinase activity) was 
99.8%. This result is higher than 78.9% when the pH was adjusted to 4 (favoring laccase 
activity) and all other conditions being identical. This is somewhat expected given that the 
specific activity of Tyr in the combi-CLEA is higher than that of TvL (i.e. 167.4 U/g vs 12.3 
U/g). Also, the fact that there was no meaningful difference between the transformation 
efficiencies between the free enzymes and their combi-CLEA counterparts is supportive of the 
results from the kinetic study in which insolublization of the enzymes did not appear to induce 
diffusion limitation of substrate to the combi-CLEA active site. In the HWW, although the pH
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was not adjusted the free enzymes and the combi-CLEA exhibited nearly equal transformation 
rates (93-99%) of acetaminophen. However, the high transformation rate of 98.4% by free TvL 
at pH 7.7 is surprising but could in part be due to the high transformation of acetaminophen seen 
in the control test. Indeed, it has been proven in other studies that the transformation of aromatic 
and phenolic pollutants by laccase could be promoted by natural mediators such as NOM, 
colloids and humic substances present in the reaction mixture [2 1 0 , 2 1 1 ].
The transformation ratios between 80 and 100% for acetaminophen due to laccase and tyrosinase 
activities found in these studies are similar to the removals found for the drug from conventional 
and advanced treatment methods [193]. Most of those treatments methods are based on 
biological and physicochemical processes. For instance, a study of influent and effluent of STP 
was reported to reduce between 99 and 100% of acetaminophen [212]. In a treatment combining 
activated sludge and membrane filtration, the concentrations of acetaminophen were decreased 
by more than 90%. In advanced treatments, acetaminophen was completely oxidized by means 
of ozonation and H2O2 photolysis [213]; transformed at 79% in electro-Fenton process [214]. 
Although these treatment methods appear to be efficient in removing/transforming 
acetaminophen, often its concentrations in low ng/L are still being detected after treatments 
[193]. Moreover, these methods typically involve high capital and operating costs, generate toxic 
by-products which ultimately rendered them not always desirable [12].
In contrast, laccase- and tyrosinase-based enzymatic processes have the advantages such as 
needless of acclimatization unlike in biological treatments and low risk of generating toxic by­
products that are macromolecular oligomers readily removable by precipitation, coagulation, 
and/or adsorption processes [215, 216]. These advantages make the use of these two 
phenoloxidases in insolubilized form in wastewater treatment which is an appealing system that 
should be investigated further.
5.5.7 Transformation products of acetaminophen by laccase and tryosinase
The ESI+ MS spectra of acetaminophen transformation products with laccase showed m/z values 
of 152, 301, 450, and 599 corresponding to molecular masses of the residual parent compound 
and its dimer, trimer and tetramer, respectively. These oligomers are identical to metabolites 
found in laccase-catalyzed reaction of acetaminophen in a previous study [217]. The MS
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chromatograms of the oligomers and possible oligomerization pathways of laccase-catalyzed 
reaction of acetaminophen are provided in Figures A3 and A5.
The tyrosinase-catalyzed reaction of acetaminophen provided m/z values of 152 and 168 for the 
residual parent compound and its metabolite 3-hydroxyacetaminophen, respectively. The 
chromatogram and possible reaction pathway are provided in figure S3 and S4 in the SI. In 
another study of tyrosinase-mediated oxidative coupling of acetaminophen, the catechol (3- 
hydroxyacetaminophen) was detected but only as intermediate to the formation of the final 
metabolite, 4-acetamido-o-benzoquinone (MW 165) [218], which was not detected in our study. 
However, in agreement with our result, several other studies have proved 3- 
hydroxyacetaminophen to be a final metabolite in microsomal-mediated oxidation of 
acetaminophen rather than a common intermediate [219, 220]. The blank solutions, as 
anticipated, did not contain any of the metabolites found above.
The mixture of both laccase and tyrosinase reactions with acetaminophen showed an initial 
presence of both the dimer of acetaminophen and its metabolite 3-hydroxyacetaminophen found 
in the separate oxidative reactions of laccase and tyrosinase with the drug, respectively. Yet, as 
the reaction proceeded, the 3-hydroxyacetaminophen disappeared from the reaction products 
unlike the dimer of acetaminophen. We suspect that additional catalytic reactions due to residual 
activity of either (or both) enzyme(s) or any of their respective metabolites may have further 
transformed the 3-hyroxyacetaminophen. In order to elucidate the numerous and more complex 
possible pathways of producible metabolites from such transformation further analytical 
investigation is needed.
Results for the transformation products and their conversion pathways of acetaminophen in this 
study originated from a high concentration of the drug (5 mg/L) and thus remained to be 
confirmed at environmentally relevant concentrations. It could, however, reasonably be expected 
that some, if not all, of these oligomers might occur similarly even at very low levels referring to 
enzyme-catalyzed transformation of contraceptive phenolic drugs [105].
5.6 Conclusions
To our knowledge, for the first time laccase and tyrosinase are insolubilized as a combination of 
crosslinked enzyme aggregates. The combi-CLEA exhibited high stability under harsh
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conditions of temperature and chemical denaturation. Also, the kinetic study showed no 
significant negative effect of the insolubilization on the enzymes affinity to their substrates (i.e. 
ABTS and L-DOPA). Initial application of the biocatalyst to the treatment of acetaminophen in 
real wastewaters showed high transformation of the drug to its oligomers. Further investigations 
are needed to fully evaluate the potential use of the combi-CLEA in the transformation of 
phenolic compounds in the treatment of real wastewaters.
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CHAPITRE 6  : CONCLUSION GENERALE ET PERSPECTIVES
L’etude des proprietes moleculaires et catalytiques de la laccase et de la tyrosinase a permis de 
faire ressortir que ces deux phenoloxidases peuvent catalyser l'oxydation de nombreux composes 
phenoliques en presence de l'oxygene moleculaire. Aussi, ces deux enzymes ont ete 
insolubilisees separement sous forme de CLEAs dans plusieurs etudes tout en exhibant une 
stabilite face a la denaturation thermique et chimique. Une nouvelle approche de formation de 
combi-CLEAs avec ces deux phenoloxidases s’est done averee possible.
En premier lieu, la laccase fongique de T. versicolor avec un pH optimum acide et la laccase 
bacterienne Metzyme avec un pH optimum alcalin ont ete insolubilisees avec succes comme 
combi-CLEAs. Le combi-CLEA s'est avere etre actif dans la gamme des pHs acides et possede 
une activity residuelle a des pHs alcalins. Les combi-CLEAs presentaient une stabilite thermique 
considerable. Le biocatalyseur a egalement resiste de maniere adequate aux effets de stockage et 
de sechage a long terme qui sont des facteurs importants pour son utilisation a grande echelle. 
L’application des combi-CLEAs a des eaux usees d’une papetiere a permis de considerablement 
reduire sa DCO. Aussi, deux applications consecutives des combi- CLEAs aux eaux de la 
papetiere ont montre que le biocatalyseur possede toujours une activite residuelle indiquant un 
r6el potentiel de recyclage.
La laccase de T. versicolor et la tyrosinase de champignon ont ete insolubilisees sous forme de 
combi-CLEAs actifs aussi bien en pHs acides qu’alcalins. Les combi-CLEAs ont exhibe une 
activity elevee dans la plage de temperatures a laquelle se trouve celle des eaux us6es. Elies ont 
r6sist6 a la denaturation thermique et a la denaturation de divers inhibiteurs chimiques en 
general. Les combi-CLEAs ont montre une stabilite thermique plus elevee que leurs homologues 
d’enzymes libres. L’insolubilisation n’a pas nuit a la performance cinetique des enzymes. 
L’application des combi-CLEAs a\ix eaux usees municipale et hospitaliere a abouti a une forte 
transformation de l'acetaminophene. L’analyse des produits de transformation a permis 
d’identifier des oligomeres et un diphenol de l’acetaminophene.
Au regard des resultats obtenus, 1’insolubilisation de ces phenoloxidases apparait prometteuse 
comme une voie novatrice de production de biocatalyseurs enzymatiques applicables a la 
transformation de composes phenoliques dans les eaux usees. En effet, il a ete demontre que les
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combi-CLEAs sont suffisamment stables en solution avec un reel potentiel de recyclage. II reste 
done a les utiliser dans un procede qui maximiserait Taction de leur activity enzymatique avec le 
minimum d’interference possible. Des investigations supplementaires de ces combi-CLEAs dans 
de precedes de traitement tertiaires d’eau usee en continu seraient done envisageables. Ainsi, les 
combi-CLEAs pourraient etre confines en solution dans des reacteurs completement melanges 
suivi de bioreacteurs membranaires classiques (types immerges, separes ou extemes). Ceci 
permettrait une elimination complete de micropolluants phenoliques dans de telles eaux usees 
pretraitees. Une fois un tel dispositif de traitement mis en place, la transformation des polluants 
pourrait etre etendue a plusieurs composes aromatiques d’origines diverses (produits de soins 
personnels, sous-produits petroliers, effluents de textiles, etc.). Toutefois, une analyse de la 
toxicite des produits de trasformation doit etre menee et suivie regulierement pour s’assurer de 
leur inocuite. Enfin, une etude de cout d’un tel procede de traitement pourrait etre realisde. Une 
telle etude devrait tenir compte des couts de production des enzymes, de la formation des combi- 
CLEAs incluant tous les intrants, des equipements pour la mise en place du dispositif et des 
couts d’exploitation pour la transformation d’un ensemble de contaminants modeles. Cette 
demiere etape permettrait ainsi de donner une indication plus concrete de la viabilite d’un tel 
procede de traitement avec les combi-CLEAs de laccases et tyrosinases.
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ANNEXE 1: SUPPLEMENTARY DATA INFORMATION
A. 1 Analytical methodology (UPLC)
The method was developped bases on several pharmaceuticals.
A. 1.1 Pharmaceuticals
Table A. 1 List of pharmaceutical compounds used to develop the analytical method
Acetaminophen 152 Diazepam 285.5
Cafeine 194.9 Trimethroprim 291
Naproxen 231.3 Ciprofloxacine 332.4
Carbamazepine 237.4 Indometacin 358.5
Mefenamic acid 242.3 Fenofibrate 361.1
CBZ-Epoxi 254 Benzobribrate 362.1
Ketoprofen 255.5 Ofloxacin 362.4
Ifosfamide 261.7 Iopromide 792.1
Cyclophosphamide 263 Ibuprofen 205.5
Atenolol 267.3 Diclofenac 294.5
A. 1.2 Stock solutions for standards
Stock solutions of Acetaminophen and other pharmaceuticals were prepared by weighting 10 mg 
in 10 mL of methanol in a 20 mL glass vial (final concentration 1 mg/mL). The stock solutions 
were stored in the dark at +4°C until use.
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A . 1.3 Extraction methodology
Three methodologies of extraction where used to find the best methodology:
Methodology 1
Wastewater samples (10 mL) pH was adjusted with 5 % of formic acid (500 pL) to below 2. 
Subsequently, 4 g of MgSd* and lg of NaCl were added and mixed manually. Then, acetonitrile 
(10 mL) was added to the mixture. The mixture was vortexed and sonicated for 5 min. It was 
centrifuged at 4 °C during 10 min at 4000 rpm. One (1 mL) of the organic phase was analyzed by 
UPLC. Also, in 1.5 mL of the supernatant (organic phase) were added 150 mg of MgS0 4 . After 
agitation by vortexing, it was centrifuged during 10 min at the same conditions above mentioned. 
It was filtered by PTFE 0.2 pm filters and injected in the analysis system (UPLC). In addition, 
HLB-MCX cartridges (OASIS) were conditioned with 2 mL of methanol and equilibrated with 2 
mL of water (5 % formic acid). Then, 500 pL of the organic phase from the first mixture were 
diluted in water and passed through the cartridge (1 drop s '1). It was made twice. In one of the 
cartridge 1 mL of methanol was passed through the cartridge to elude the compounds in vials. In 
the second cartridge, 1 mL methanol with 5% of NH4OH was used to elude the compounds in 
alkaline conditions. The methanol in vials was dried under gentle nitrogen stream (or controlled 
rotation vacuum). Finally, lmL of water methanol 50/50 v/v with 0.1 % of formic acid was 
added to the final solution. Finally, samples were analyzed in UPLC.
Methodology 2
A simple liquid-liquid extraction was used. This methodology was carried out at 3 different pHs 
(acidic below pH 2, neutral 7 and basic up to 10). Formic acid 5 % was added to acidic 
wastewater samples (10 mL). For neutral no addition of any product and for alkali samples was 
added 5 % of 5% of NH4OH. Subsequently, 10 mL of ethyl acetate were mixed with the samples. 
The two phases were separated in a funnel. This was repeated 3 times. Finally, the organic 
solvent (30 mL) was dried under a gentle nitrogen stream and 1 mL of water/methanol 50/50 v/v 
with 0.1 % of formic acid was added into the dry vial. To ensure the homogeneity, the vials were 
agitated in a vortex and sonicated during 5 min. Then, the samples were analyzed by UPLC.
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Methodology 3
At different times, 10 mL of sample were taken and the pH of the solution was adjusted to below 
2 with 5% (v/v) formic acid before addition of 4 g of MgSC>4 and 1 g of NaCl and thoroughly 
mixed. 10 mL of ethyl acetate was then added to the mixture and vortexed for 2 min before 
centrifugation at 3500 rpm and 4 °C for 10 min to separate the organic phase containing 
acetaminophen and the water phase. Organic phase was then gently transferred with no particle 
or drop of water to glass vial and subsequently evaporated to dryness under a gentle stream of 
nitrogen prior to re-suspension in 1 mL of a solution of water-methanol 50-50% (v/v) and 0.1% 
(v/v) formic acid. The mixture was then sonicated for 5 min and filtered through 0.22 pm PTFE 
membrane filters before transfer into UPLC vial for quantitative analysis.
A. 1.4 Calibration
Calibration curves with 8 calibrations points ranging from 1.00 pg/L to 1000 pg/L were prepared 
by dilution of the stock solution in a mixture of methanol/water 1+1 (v+v) with 0.10% formic 
acid. A quadratic fitting (y = ax2 + bx + c) was used. The correlation coefficients were higher 
than 0.999. The limit of detection (LOD; i.e. 0.020pg/L) and quantification (LOQ; i.e. 0.1 pg/L) 
were determined by the ratio of the signal/noise at 3 and 10 respectively. Each series of 
experiment included a procedural blank water sample.
A. 1.5 Validation of analytical methodology
The recoveries were determined at three different level of acetaminophen concentration (1, 10, 
50 pg/L) to cover the full scale of the calibration range. Each extraction was done in triplicates. 
For the three levels the averages of the total recovery were at 108% with a relative standard 
deviation at 12%. The enrichment value according to the sample preparation was a factor 10. The 
expressed concentrations are expressed before concentration factor.
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Figure A.l Results validating the analytical method. Each datum bar represents the mean of 
triplicate values ± std dev.
A. 1.6 Characterization of Magog Wastewater
Two samples of municipal wastewaters 1 and 2 (MWW1 and MWW2, pH 7.3) taken in July and 
September from the influent of a sewage treatment plant from Magog (QC, Canada) and sample 
of hospital wastewater (HWW, pH 7.7) from the effluent of the University of Sherbrooke 
Hospital Center in Sherbrooke (QC, Canada) were analyzed. Milli-Q ultrapure water (mLQW) 
(18.2 M flcm  at 25 °C, TOC < 10 ppb) from our laboratory was also used for comparison 
purpose with the real wastewaters. Municipal wastewater (1 L) was concentrated 1000 times by 
the liquid-liquid extraction (methodology 3).
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Table A.2 Results o f characterization o f the wastewater with respect to pharmaceuticals
Acetominophen 40.3049 Atenolol Peak detected
Caffeine 13.6159 Diazepam 0.031
Ibuprofen 0.3219 Trimethroprim Peak detected
Naproxen 0.7605 Ciprofloxacin Peak detected
Carbamazepine 0.5426 Indometacine 0.0072
Menfenamic Acid 0 Fenofibrate 0.0006
Carbamazepine-E 0 Bezafibrate 0.0153
Ketoprofen 0.0008 Ofloxacin -
Ifosfamide 0 Iopromide -
Cyclophosphamide 0.0528 Diclofenac 0.1966
Notes
Some molecules (trimethroprim, ciprofloxacin, ofloxacin, iopromide and atenolol) were not 
always properly analyzed through the method 1 which led to method 2 and 3 of the 
extraction to make the analyses complete and adequate for all the molecules.
Table A.3 Standard characteristics of the wastewaters
mg/L I mg/L mg/L mg/L mg/LP mg/LN mg/LN
164.07 123.79 315.12 116.81 2.87July 0.45 13.26
September 149.50 117.92 291.47 99.43 2.77 0.75 12.23
mg/L mg/L 
N CaC03 mg/L_____ mg/L
489.60 213.60
NTU
July
September 19.60 162.45 7.3
21.22 156.82 7.3 15.9 88.77
17.5 79.08 464.50 205.50
M )2  t  N ( ) 3  M I 3
u n p .  T u r b i d . IS T V SM o i s T K N
M o i s T S S Y S S I K  O  1 ) 1 1 0 5
Note: the hospital wastewater was at pH 7.7
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A.2 Elimination of acetaminophen in wastewaters
Transformation of acetaminophen from the samples was performed in batch mode at 20 °C in 
125 mL Erlenmeyer flask with orbital shaking at 150 rpm. Both mLQW and MWWs were spiked 
with 100 pg/L of acetaminophen (as this value is within the concentration range of 
pharmaceuticals found in STP) before application of biocatalysts (combi-CLEA, free TvL or 
Tyr) to a final concentration of 50 U/L. The HWW samples were not spiked with acetaminophen 
and biocatalysts were applied to a final concentration of 200 U/L. The pH of MWW2 was 
adjusted to 4 in some cases to favor the activity of laccase in the transformation process. In all 
other instances no adjustment was made to the pH of the wastewater samples.
A.2.1 UPLC-MS/MS analysis of acetaminophen
Analyses of acetaminophen were performed on an Acquity UPLC XEVO TQ mass spectrometer 
(Waters Corporation, Milford, MA). An Acquity UPLC HSS-T3 column (100 mm x 2.1 mm, 1.8 
pm) (Waters Corporation, Milford, MA) was used. The solvent flow rate was set to 0.40 mL/min 
and the column temperature was kept at 35 °C. The sample volume injected was 5 pL. Mobile 
phase was 0.20% formic acid/water (A) and 0.20% formic acid/methanol-acetonitrile (72-25 v/v) 
(B) (LC/MS grade). The adopted elution gradient started with 5% of eluent B, increasing to 90% 
in 8 min and then back to initial conditions in 4 min. The mass spectrometry analysis was 
performed using a positive electrospray ionization (ESI+) source in Multi-Reaction-Monitoring 
mode. The optimized parameters were obtained by direct infusion of the analytical standard 
solution at 10 pg/mL as follows: desolvation gas (nitrogen), 700 L/h; cone gas (nitrogen), 50 
L/h; collision gas (nitrogen), 0.22 mL/min; capillary voltage 2.5 kV; source temperature, 150 °C 
and desolvation temperature 550 °C. Two daughter traces (transitions) were used. The most 
abundant transition, m/z = 110.4, was used for quantification, whereas the second most abundant, 
m/z = 92.5, was used for confirmation. A cone voltage of 25.0 V was used for both transitions, 
while a collision energy of 20.0 and 15.0 V was used for m/z — 92.5 and m/z — 110.4, 
respectively. The concentration of acetaminophen was determined by comparing the peak areas 
obtained with those of standard solutions of known concentrations. Afterward, the possible 
transformation products of acetaminophen resulting from the enzymatic transformation by 
combi-CLEA were monitored.
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A.2.2 UPLC/MS analysis o f laccase- and tyrosinase-transformation products o f acetaminophen
In order to identify the possible transformation products of acetaminophen resulting from its 
oxidation reactions with the combi-CLEA of laccase and tyrosinase, experiments were carried 
out in batch mode by reacting 10 mL of a mixture of 5 mg/L of acetaminophen with 1000 U/L of 
each of the two enzymes separately and in combination. These high final concentrations of 
acetaminophen and enzymes activities aimed at ensuring rapid transformation of the drug and 
subsequent generation of its by-products at significant quantity for easy detection [43]. All 
solutions of enzymes and acetaminophen were prepared with Milli-Q ultrapure water. The 
enzymatic reactions were set at room temperature (20 °C) and pH 7. Duplicate samples of 
reacting solutions were monitored every 30 min from time 0 (immediately after mixture) to 6 
hours. Furthermore, blank samples of acetaminophen, laccase, and tyrosinase were also analyzed 
separately as controls.
Samples were analyzed by UPLC/MS method. A mass spectrometer (MS) was first run by 
infusion in scan mode between m/z ratios of 100 and 700. Afterward, by injection the MS 
chromatography was selectively acquired on the ions of interest. The MS was operated at ESI+ 
under the following conditions: capillary voltage, 2.5 kV; cone voltage, 30 V; desolvation 
temperature, 550 °C; gas desolvation (N2), 800 L/h; cone gas, 50 L/h; and collision gas (Ar), 
0.22 mL/h.
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Figure A.2 Chromatograms of laccase-catalyzed transformation of acetaminophen, m/z 152 (a) 
to its dimers, m/z: 301 (b); trimers, m/z: 450 and tetramers, m/z: 599 (d). Reaction 
mixture consisted of 5 mg/L acetaminophen, 1000 U/L laccase and was operated at room 
temperature (20 °C) and pH 7.
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Figure A.3 Laccase-catalyzed oxidation of acetaminophen to its phenoxy radical (a) followed by 
their coupling reactions to acetaminophen oligomers (b).
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Figure A.4 Chromatograms of tyrosinase-catalyzed transformation to 3-hydroxyacetaminophen, 
m/z:168 (a) from acetaminophen, m/z:152 (b). Reaction mixture consisted of 5 mg/L 
acetaminophen, 1000 U/L tyrosinase and was operated at room temperature (20 °C) and 
pH 7.
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